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Zusammenfassung Die Eisbildung in Wolken wirkt sich auf die Niederschlagsbil-
dung, die optischen Eigenschaften, und die Persistenz der Wolken aus und beeinflusst
somit das Wetter und das Klima. Sogenannte eisnukleierende Partikel (ice nucleating
particle; INP), katalysieren den Gefrierprozess von Wolkentröpfchen und tragen
so zur primären Eisbildung in Wolken bei. In dieser Arbeit wurden die Häufigkeit
und die Eigenschaften von INP in der Arktis untersucht. Hierzu wurde ein Vielzahl
an Proben analysiert: Proben zweier Eisbohrkerne (asu Spitzbergen und Grön-
land); Filterproben von Aerosolpartikeln, die an Bord eines Flugzeuges über dem
arktischen Ozean nordöstlich von Grönland gesammelt wurden; Filterproben von
Aerosolpartikeln, die an Bord eines Schiffes in der Nähe von Spitzbergen gesam-
melt wurden. Zusätzlich wurden auch Meeresoberflächenfilm-, Meerwasser- und
Nebelwasserproben gesammelt. Es wurde festgestellt, dass die INP-Konzentrationen
in der Arktis im Allgemeinen niedriger sind als in den mittleren Breiten. Und ob-
wohl die INP-Konzentrationen bei einer Temperatur von Probe zu Probe eine hohe
Variabilität aufweisen, bewegen sie sich seit der Kleinen Eiszeit im 16. Jahrhundert
auf einem ähnlichen Niveau und zeigen keinen langfristigen Trend. Außergewöhn-
lich eisaktive Proben zeichnen sich durch hohe INP-Konzentrationen bei wärmeren
Temperaturen (ca. über −15 ◦C) aus. Die in diesen Fällen aktiven INP können
auf einen biogenen Ursprung zurückgeführt werden. Ferner wurden eindeutige
Hinweise auf das Vorhandensein lokaler mariner INP-Quellen gefunden in der Arktis
gefunden. Dies ist ein interessantes Ergebnis, da auch gezeigt wurde, dass ohne
signifikante Anreicherung während des Transfers vom Ozean in die Aerosolphase,
die vorhandenen INP im Meerwasser die INP-Konzentration in der Luft nicht erk-
lären können. Die INP-Konzentrationen Temperaturbereich unterhalb von −26 ◦C,
hingegen scheinen eher durch Ferntransport von Staub aus den mittleren Breiten
und/oder terrestrischer Quellen in der Arktis bestimmt zu sein.
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Abstract Ice formation in clouds impacts precipitation initiation, cloud optical
properties, and cloud persistence, and hence influences weather and climate. At
the base of the primary ice formation in clouds stands the ice nucleating particle
(INP), which catalyzes the freezing process of cloud droplets. In this thesis, the
abundance and properties of Arctic INP were investigated in samples from two ice
cores (Svalbard and Greenland), in samples of aerosol particles collected on an
aircraft over the Arctic ocean northeast of Greenland, and in ship-borne aerosol
filter samples, as well as sea surface microlayer, bulk sea water and fog water
samples collected in the vicinity of Svalbard. It was found that INP concentrations
in Arctic are generally lower than in mid-latitudes. And while they show a high
inter-sample variability, INP concentrations have been on similar levels since the
Little Ice Age in the 16th century and show no long-term trend. Exceptionally ice-
active samples are characterized by high INP concentrations at warmer temperatures
(approximately above −15 ◦C). The INP active in these cases were attributed to a
biogenic origin. Furthermore, clear evidence for the presence of local marine INP
sources was found in the Arctic. This is an interesting finding as it was also shown
that without significant enrichment during the transfer from the ocean to the aerosol
phase, the INP in the sea water can not explain the INP concentration in the air.
INP concentrations temperature range below −26 ◦C, on the other hand, appear
to be determined more by long-range transport of dust from mid-latitudes and/or
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Near-Surface Winter (DJF) Temperature Anomaly (K)
 Reference Period: 1951 - 1980
Fig. 1.1.: Zonally averaged, near-surface air temperature anomaly, averaged over the boreal
winter season (December, January, February) from 1960 to 2021. The anomaly
is defined as the difference to the respective mean values for 1951 – 1980. The
abscissa represents time (year) and the ordinate shows the geographic latitude
(degree). Data are provided by the NASA Goddard Institute for Space Studies
Team (GISS Surface Temperature Analysis (GISTEMP), version 4. Dataset accessed
2021-04-01 at https://data.giss.nasa.gov/gistemp/ Lenssen et al., 2019).
Figure modified from Wendisch et al. (2017).
It is undisputed fact that the Earth’s climate is warming due to increasing anthro-
pogenic greenhouse gas emissions (IPCC, 2014). The warming has accelerated in the
last decades, particularly in the Arctic, and is predicted to continue throughout the
century (Cohen et al., 2020; Jansen et al., 2020; Wendisch et al., 2017; Serreze and
Barry, 2011). This excessive warming is called Arctic Amplification (AA). Figure 1.1
shows a time series of the wintertime near-surface air temperature for different
latitudes. The figure makes it apparent how severe the warming of the Arctic is in
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comparison to the rest of the globe. In fact, the temperature anomaly in the Arctic is
with about 3 K about twice the global mean.
The changes in the Arctic due to AA directly influence the energy budget in the
Arctic (Serreze and Barry, 2011). However, the continuation of Arctic climate
change also affects atmospheric and oceanic circulation patterns in general and thus
weather variability in the mid-latitude (Bailey et al., 2021; Cohen et al., 2020; Lang
et al., 2017; Overland et al., 2016), as well as the Arctic marine and terrestrial
ecosystem (Arrigo and Dijken, 2011; Arrigo et al., 2008; Hinzman et al., 2005).
The changes in the Arctic including the warming itself, is a result of, but also a
driver for several reinforcing feedback processes (Cohen et al., 2020; Wendisch
et al., 2017; Pithan and Mauritsen, 2014; Morrison et al., 2012). The particular
features of the Arctic, such as low solar elevations, occurrence of polar day and night,
high surface albedo, frequent low-level mixed-phase clouds, and low atmospheric
boundary layer (ABL) heights affect the physical, chemical, and biological processes
in the Arctic and by that augment the particular effectiveness of several feedback
processes. While the key players of AA are identified and understanding of the
various factors contributing to it has advanced considerably since Budyko (1969)
and Sellers (1969) first recognized the Arctic’s amplified response to global warming,
the knowledge on the inner workings of AA is still incomplete. This is reflected
by the divergent consensus on the relative importance of the individual feedback
processes found in the literature where e.g., some see the lapse rate feedback as
one of the dominant processes (Stuecker et al., 2018; Block et al., 2020), while
others highlight the importance of clouds and cloud phase (Tan and Storelvmo,
2019; Cronin and Tziperman, 2015). Figure 1.2 shows feedback processes as well
as their interlinkages (indicated by arrows) that are especially effective in the Arctic.
The aspect of AA this thesis focuses on, is the effect of aerosol particles on clouds
which is shown in slate gray in Figure 1.2. Therefore, a more detailed description of
clouds and aerosol-cloud-interaction especially in the Arctic climate system is given
in the following .
Clouds are one of the major modulators of Earth’s energy budget, weather and
climate (IPCC, 2014). Despite their importance, clouds and their response to global
warming are one of the largest sources of uncertainty in climate projections (IPCC,
2014; Zelinka et al., 2020). This is due to the divergent representation of clouds
and cloud related processes in climate models, which stems either from a lack of
understanding of these processes or an incomplete representation of those in the
models. A core process that affects precipitation formation, cloud optical properties
and cloud persistence is the ice crystal formation in clouds (e.g., Loewe et al., 2017;
Lohmann and Feichter, 2005; Prenni et al., 2007a; Ovchinnikov et al., 2014; Schmale































Fig. 1.2.: Scheme of important feedback processes that contribute to the amplified warming
of the Arctic. Orange: Direct surface albedo effect; yellow: effect of water vapor
and clouds; slate gray: aerosol effect on clouds; green: biological particle emission
effects; blue: Remote feedback processes. Figure modified after Wendisch et al.
(2017).
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et al., 2021; Solomon et al., 2015; Storelvmo, 2017; Vergara-Temprado et al., 2018).
Ice crystals in the atmosphere form either by nucleation, the so-called primary
ice formation, or by multiplication of already existing ice crystals, which is called
secondary ice formation (Field et al., 2017). In ice nucleation, a distinction is made
between homogeneous and heterogeneous nucleation. Homogeneous nucleation
describes the freezing process of a pure water or solution droplet below ca. −38 ◦C.
Heterogeneous nucleation on the other hand takes place at any temperature below
0 ◦C and requires the presence of a foreign substance that catalyzes the nucleation
process. This agent, which is responsible for heterogeneous nucleation, is referred
to by different terms depending on the application and what is known about it. The
most commonly used expressions are ice nucleating particle (INP), ice nucleating
entity (INE), ice nucleating molecule (INM), or simply ice nuclei (IN). In this thesis
the recommendation by Vali et al. (2015) for atmospheric application is followed
and the nucleation agent is always referred to as INP. Heterogeneous ice nucleation
in the atmosphere occurs via different pathways: deposition nucleation, contact
freezing, condensation freezing, and immersion freezing (de Boer et al., 2011;
Durant and Shaw, 2005; Marcolli, 2014; Vali et al., 2015). However, this thesis
focuses on immersion freezing where the INP is first immersed in a supercooled
droplet before initiating freezing. Immersion freezing is the most important ice
nucleation mechanism in mixed-phase clouds, i.e. clouds in which liquid and
frozen droplets are present and exist between 0 ◦C and the onset temperature of the
homogeneous ice nucleation (de Boer et al., 2011).
Mixed phase clouds are controlled by a myriad of individual processes which are
often also interlinked as displayed in Figure 1.3. In the Arctic, these processes
may contribute to the cloud’s longevity and optical properties, which in the end
determines the net radiative effect of the cloud on the surface below and the
atmosphere above. The arguably most fundamental property hereby is the cloud
phase, i.e., the amount of supercooled liquid water and ice in the cloud. The
shortwave radiative effect of clouds strongly depends on the liquid water content
as liquid cloud droplets in their typical size range scatter shortwave radiation very
effectively. If INPs are present, they can cause the supercooled liquid cloud droplets
to freeze. Through the Bergeron-Wegener-Findeisen process and riming, the ice
crystals will grow, precipitate and thus deplete the cloud of liquid water which
reduces the albedo of the cloud (Vergara-Temprado et al., 2018). The impact of INP
on clouds and the resulting net radiative effect is directly linked to the abundance
and properties of INP. These, in turn, are controlled by the available sources and
sinks. In the following previous studies on Arctic INP are briefly summarized.






















Fig. 1.3.: Processes associated with Arctic mixed-phase clouds are linked through a complex
web of interactions and feedbacks. In this diagram, the arrows signify the direction
of influence of interactions between various physical quantities and processes.
Highlighted in red are interactions that involve INP and ice. Figure modified from
Morrison et al., 2012.
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Several studies have reported that marine and terrestrial sources contribute to
Arctic INP ice active at temperatures above approximately −15 ◦C. For the marine
environment it was found that especially the sea surface microlayer (SML) can be
highly ice active (Alpert et al., 2011b; Alpert et al., 2011a; Bigg, 1996; Bigg and
Leck, 2008; Irish et al., 2017; Irish et al., 2019b; Knopf et al., 2011; Leck and Bigg,
2005; Schnell and Vali, 1976; Wilson et al., 2015; Zeppenfeld et al., 2019). In these
studies the ice activity is attributed to marine bacteria and phytoplankton, as well
as their fragments and exudates. Some laboratory and field studies even observed
connections between biological driven processes like plankton blooms and the INP
concentration (Creamean et al., 2019; McCluskey et al., 2018b; McCluskey et al.,
2017). However, it remains an open question whether marine INP sources contribute
significantly to the atmospheric INP population. In that respect, the findings of a
recent publication by Kirpes et al. (2019) points in the direction that the ocean could
also be an important source for INP as they found open leads to be the dominant
aerosol source in winter. The emitted sea spray aerosol particles were found to
possess organic coatings, consisting of marine saccharides, amino acids, fatty acids,
and divalent cations. These substances are known from exopolymeric secretions
produced by sea ice algae and bacteria, which, as mentioned before are thought
to be responsible for the ice activity in seawater. It is also known that particle
generation by bubble bursting independent of wind exists in open leads (Held et al.,
2011; Norris et al., 2011), which provides a mechanism for the transfer of material
from the sea into the Arctic atmosphere. This elaborates that open water surfaces
within the pack ice can be of particular importance as source for aerosol particles,
and thereby also INP, especially during seasons when other sources are occluded by
ice and snow. Studies on INP at coastal sites tend to find influences from marine
and terrestrial sources, often with a contribution of biological INP and seasonal
changes (Creamean et al., 2018; Šantl-Temkiv et al., 2019; Wex et al., 2019). For the
terrestrial environment, high latitude dust sources such as Iceland are known to emit
high numbers of mineral dust particles into the atmosphere (Sanchez-Marroquin
et al., 2020). However, the study by Sanchez-Marroquin et al. (2020) showed these
high latitude dust sources are primarily active during summer and that the emitted
mineral dust is ice active at temperatures of −25 ◦C and below. Nevertheless Tobo
et al. (2019) showed that mineral aerosol particles originating from glacial outwash
material can be the carrier for biological material, which is more ice active than the
dust alone. Also millennia old permafrost soil was found to contain biological INP
that can be mobilized into the atmosphere, lakes, rivers, and the ocean when the
Permafrost thaws (Creamean et al., 2020).
6 Chapter 1 Introduction
In a changing climate, clouds and also the sources for the cloud phase modulating
INP are expected to change. There, a warmer climate is likely to result in clouds
with higher fraction of liquid droplets (Storelvmo et al., 2015). This arises from an
upward shift of the isotherms, i.e. clouds exist at temperatures that do not allow
ice formation and growth. Liquid clouds are more reflective and will prevail for
longer as they are less likely to precipitate. Thus, they cause a cooling and a negative
climate feedback (Figure 1.4a)).
In a changing Arctic also the sources for INP are likely to change. As the sea ice
decreases in extent and thickness, the sea surface is both more exposed to sunlight
and warmer in temperature, providing favorable conditions for the growth of Arctic
algae, which enhances the potential of the ocean to be a source for highly ice active
INP. Similarly, the decrease in snow and ice cover on land is expected to cause an
increased terrestrial biological activity (Hinzman et al., 2005). At the same time
exposed soil surfaces are prone for the emission of mineral dust or mixtures of
dust and biological particles which also contribute to the INP population. In such
a scenario (Figure 1.4 c) where a warming Arctic comes with greatly increased
concentrations of INP, the clouds would contain more ice, resulting in an even
stronger positive Arctic cloud feedback than today or in in a scenario with unchanged
INP concentrations (Figure 1.4 b).
In the previous paragraphs, it was shown that cloud phase, which is regulated by
INP, is a critical factor in whether clouds will have a warming or cooling effect
in a changing Arctic. This also underlines the need to characterize the Arctic INP
population.
Especially in the last 5 to 10 years, increased efforts have been made to investigate
the Arctic INP. However, spatial and temporal coverage of Arctic INP measurements
is still lower than in the more easily accessible latitudes. Therefore little is known
about the abundance, properties, nature, and sources of INP in the Arctic. Especially
the nature of the INP (mineral or biological), and the sources (local or long range
transport; terrestrial or marine) are not yet well characterized. In terms of spatial
coverage, most measurements are ground-based on land, some are ship-based and
very few are aircraft measurements of INPs at cloud level or above in the free
troposphere. For the temporal coverage: The majority of measurements took place
during polar day, especially during summer. Typical studies report INP measurements
from several weeks to a few month long campaigns. Longer time series are almost
not existent. And knowledge about historical changes in INP concentrations does
not extend beyond the first Arctic INP measurements which were performed in the
mid of the last century.
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Fig. 1.4.: The cloud-phase feedback and its relationship with ice-nucleating particles.
a) flowchart illustrating the cloud-phase feedback after (Storelvmo et al., 2015).
b)–c) cartoons of how the response of mixed-phase clouds to a changing climate
is controlled by the ice-nucleating particle concentration (left = current state;
right = future state). b) illustrates a scenario of a warming Arctic, but unchanged
INP concentrations. c) illustrates a scenario of a warming Arctic and increased
INP concentrations. Figure modified from Murray et al., 2020.
Even more so, very little is known about how INP in the Arctic might change with
a changing climate. Studying the variations of INP concentrations and properties
over the past centuries might hence help to better understand potential future
changes. Currently, knowledge about historical changes of INP concentrations does
not extend far beyond a few decades. Even present-day measurements of INP
number concentrations (NINP) are still scarce in the Arctic regions and they usually
cover only short periods of time.
To summarize, Arctic INPs are not well characterized. Knowledge about the historical
record of INP concentrations it not existent and very little is known about the
INP at cloud level and during wintertime. But also general knowledge about the
possible and dominant sources as well as the nature of the Arctic INPs is lacking.
Consequently, the present thesis aims at answering the following related questions:
8 Chapter 1 Introduction
• What are the historical concentrations of INP in the Arctic and do they show a
trend over the past centuries?
• Are there indications towards the nature of the INP found in ice core samples
from the past centuries?
• What is the abundance of INP sampled on an aircraft near cloud level in
wintertime?
• Are there indications towards the origin and nature of the INP sampled on an
aircraft near cloud level in wintertime?
• What are the concentrations of INP near the ground, in the seawater and in
the fog water during the Arctic melt season?
• Is there a connection between the INP in seawater and in the air, and can INP
in seawater alone explain the atmospheric concentrations?
• Are there indications towards the origin of the INP when high concentrations
in the air are observed?
Three studies on Arctic INP with a focus on their abundance, nature (mineral
or biological), and potential sources (terrestrial or marine; local or long-range
transport) were conducted in an attempt to answer these questions. Samples from
two Arctic ice cores were used to derive a time series historic concentrations of
INP from 1480 CE until 1989 CE. INP concentrations were also measured on filter
samples from an aircraft campaign that took place north-east of Greenland at the
end of winter. In the area around Svalbard, ship-based measurements of INP on filter,
sea surface microlayer, bulk sea water, and fog water samples were conducted at the
beginning of the melt season. The INP measurements were usually accompanied by
heat-lability tests to determine the presence of biological, proteinaceous INP, as well
as air mass back trajectory modeling to gain insights in potential INP sources. For the
ship-based measurements, also closure calculations between the INP concentration
in air and in sea water, as well as between air and fog water respectively, were
performed in order to assess possible sources and fluxes.
Following this introduction, chapter 2 includes information on the campaigns in
the framework of which the measurements were carried out, the methods used and
the instrumentation. The results, discussion, and summary of the three studies are
shown in the sections of chapter 3. chapter 4 gives a summary of all findings and
answers the research question presented in this introduction. The thesis concludes
with an outlook on future research perspectives in chapter 5.
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10 Chapter 1 Introduction
Experimental 2
This chapter gives an overview of the campaigns and frameworks in which the
measurements presented in this thesis were carried out. Further, the deployed
instrumentation and methods are presented as well.
2.1 Campaign Overviews
In the framework of the thesis Arctic ice core samples, filter collected airborne and
ship-borne aerosol particle filter samples as well as sea surface microlayer (SML),
bulk aeawater (BSW) and fog water samples were characterized concerning the
abundance of INP and INP properties.








Fig. 2.1.: Drill sites of the ice cores EUROCORE and Lomo09.
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Drilling Sites and Sampling
Ice core material from two Arctic sites was investigated: Lomonosovfonna (Svalbard)
and Summit (Greenland). Wendl et al. (2015) and Blunier et al. (1993) already
dated and characterized these ice cores, respectively. For the study presented in this
thesis (Hartmann et al., 2019), samples were freshly cut from the remaining parts
of the original ice cores. During the transport of the samples between laboratories,
storage at a temperature well below 0 ◦C was ensured. At the Leibniz Institute
for Tropospheric Research (TROPOS), the samples were stored at −24 ◦C until
analysis.
Lomonosovfonna ice core The Lomonosovfonna ice core, hereafter referred as
Lomo09, was drilled on the Lomonosovfonna glacier (Svalbard; 1202 m a.s.l.; 78.82°N,
17.43°E) in 2009. The core was dated with a combination of reference horizons
(1963 tritium peak and major volcanic eruptions), annual layer counting (ALC),
210Pb decay, and a simple glacier flow model. The absolute dating uncertainty for
the core varies between ±1 year and ±10 years depending on depth and proxim-
ity to reference horizons. Concentrations of major water soluble ions and certain
chemical compounds were determined by Wendl et al. (2015), which were be used
as complementary information to the INP analysis.
Central Greenland ice core The Central Greenland ice core, hereafter referred as
EUROCORE was drilled at Summit (Central Greenland; 72.58°N, 37.64°W) in 1989,
at the location of the Greenland Ice Core Program (GRIP). The core was dated with
an accuracy of ±2 years by a combination of ALC based on stable water isotopes,
electrical conductivity, and chemical data, with identification of volcanic reference
horizons. Complementary information useful in context of INP analysis is lacking.
2.1.2 PAMARCMiP
The Polar Airborne Measurements and Arctic Regional Climate Model Simulation
Project (PAMARCMiP) combined ground-based and airborne measurements at and
in the vicinity of Villum research station (VRS; 81.60°N, 16.67°W, Greenland). The
study presented in this thesis (Hartmann et al., 2020a) focuses on the analysis
of INP from filter samples collected during research flights with the High Volume
Aerosol Sampler (HERA), an automated aerosol particle filter sampler for airborne
applications (see subsection 2.2.2 for details on HERA and its application during
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Fig. 2.2.: Flight tracks for all research flights performed during PAMARCMiP. The red star
marks the location of Villum research station.
PAMARCMiP). The respective activities were carried out with the research aircraft
Polar 5 (Wesche et al., 2016) from March 23 2018 to April 4 2018. A total of 14
research flights were performed during the campaign with the main area of operation
being above the sea ice in the Arctic ocean and the Fram Strait (see Figure 2.2). For
the master flight tracks refer to Herber (2018).
The campaign coincided with the existence of an unusual, large, refrozen polynya
along the northeast coast of Greenland north of VRS, over which several flights were
performed. This polynya opened in late February 2018, and closed by refreezing and
convergence in the weeks after (Ludwig et al., 2019). At the time of the campaign
the one month old ice in the refrozen polynya already had a modal and mean
thickness of 0.9 m and 2 m respectively resulting from thermodynamic and dynamic
growth (Ludwig et al., 2019). However, due to the relatively thin ice and dynamic
ice conditions there were many open and refrozen leads.
2.1.3 PASCAL
The expedition PS106 of the research vessel Polarstern (Knust, 2017) was conducted
between the end of May and mid July 2017 in the Arctic Ocean (Wendisch et al.,
2019). The measurements were performed as part of the Physical feedbacks of Arctic
planetary boundary layer, Sea ice, Cloud and AerosoL (PASCAL) campaign in the
framework of the AcrtiC Amplification: Climate Relevant Atmospheric and SurfaCe
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Fig. 2.3.: Overview of the main expedition area of the Polarstern cruises PS106.1 and
PS106.2. Figure taken from Macke and Flores (2018).
Processes and Feedback Mechanisms ((AC)3) project.
The first leg (PS106.1) started on 24 May in Bremerhaven (Germany) and ended
21 June in Longyearbyen (Svalbard) and featured a 10 day ice floe camp that was
set up between 5 and 14 June 2017 (at approx. 82°N and 10°E). The main area
of investigation of the campaign was the Arctic Ocean a few hundred kilometers
northwest of Svalbard (see Figure 2.3).









Fig. 2.4.: Schematic of the location of the instruments onboard the RV Polarstern. Blue
bordered rectangle = aerosol measurement container; red rectangle = low volume
filter sampler; yellow rectangle = fog water sampler.
byen and ended 20 July in Tromsø (Norway). In comparison to PS106.1, the second
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leg focused on the area northeast of Svalbard, went up to higher latitudes (up to
83.7°N) and the vessel did not stop for extended stays at an ice floe.
For further details on the measurement strategy as well as the meteorological, sea
ice, and cloud conditions during PASCAL refer to Wendisch et al. (2019) and the
PS106 cruise report by Macke and Flores (2018).
During PASCAL different kinds of samples were taken for the subsequent off-line
INP analysis: a) aerosol filter samples (subsection 2.2.3), b) SML and BSW samples
(subsection 2.2.5), and c) fog water samples (subsection 2.2.5). All of these samples
were stored on the vessel directly after sampling in a cold room at −20 ◦C and it
was ensured that the samples stayed below 0 ◦C during the transport to TROPOS,
were they were stored at −24 ◦C until they were analyzed. During PASCAL also
the SPectrometer for Ice Nuclei (SPIN; subsection 2.2.4) was used for online INP
measurements and other in-situ aerosol instrumentation was deployed to measure
particle number size distribution, total particle number concentration and cloud
condensation nuclei concentration as well (section 2.2.6). The instruments used
during PASCAL were placed inside a temperature controlled measurement container
(except the filter and fog water sampler) located on the monkey island of the RV
Polarstern (see Figure 2.4). The temperature inside the container was held at ca.
24 ◦C, while the aerosol inlet was heated to 30 ◦C to prevent icing. The aerosol
inlet consists of a 6 m long stainless steel tubing (inner diameter of 40 mm), which
faces upwards at a 45° angle to the bow of the ship. The flow through the inlet
was set to 40 L min−1 (Reynolds number < 2000). With an isokinetic splitter the
aerosol was distributed between the different instruments, namely those described
in subsection 2.2.4 and 2.2.6.
2.2 Instrumentation
2.2.1 Droplet Freezing Assays
All offline INP measurements were performed with droplet freezing assays (DFAs) for
immersion freezing experiments in the laboratories at TROPOS. In the framework
of this thesis two instruments were used: the Leipzig Ice Nucleation Array (LINA)
and the Ice Nucleation Droplet Array (INDA). Both devices are used to determine
the INP concentration in liquid sample suspensions. LINA and INDA can measure
the INP concentration over the entire temperature range relevant to mixed-phase
clouds (0 ◦C to −38 ◦C), but differ in the range of INP concentration in which they
are sensitive. In this thesis, the DFAs were used to measure ice core melt water,
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seawater, fog water and polycarbonate filter samples. The water samples can be
directly measured with the DFAs. As for the polycarbonate filters it is necessary to
wash off the aerosol particles from the filters and bring them into a liquid suspension.
The general procedure to achieve this is as follows: In a centrifuge tube (50 mL,
Cellstar®, sterile, Greiner Bio-One, Kremsmünster, Austria) the filter is immersed
in 3 mL of ultrapure water (Type 1; Direct-Q® 3 Water Purification System, Merck
Millipore, Darmstadt, Germany) and shaken for 15 min in a flask shaker (800
osc/min) to bring the particles into suspension. From that suspension 100µL are
taken to perform the measurement with LINA. The remaining 2.9 mL suspension are
then topped off with another 3.1 mL of ultrapure water and shaken again for 15 min.
With these 6 mL of suspension, the measurement with INDA is performed. This two
step procedure is chosen in order to dilute the sample as little as possible. A detailed
description of the two devices LINA and INDA can be found in the following sections
and subsection 2.3.1 describes how the INP concentrations are derived.
LINA
LINA is a DFA, the design of which is based on a DFA called Bielefeld Ice Nucle-
ation ARraY (BINARY) by Budke and Koop (2015). An array of 90 droplets with
a typical volume of 1µL of the sample suspension is placed onto a hydrophobic
glass slide (40 mm diameter). Each droplet is within its individual compartment
made from a perforated, anodized aluminum plate and covered with another glass
slide (Figure 2.5 a). In this way it can be prevented that droplets influence each
other e.g., via ice seeding by frost splintering or the Bergeron-Wegener-Findeisen
process, and droplet evaporation is minimized. At a cooling rate of 1 K min−1 the
sample droplets are cooled by a 40 mm × 40 mm Peltier element inside a freezing
stage (LTS120, Linkam Scientific Instruments, Waterfield, UK). The freezing stage
is coupled with a cryogenic water circulator (F25-HL, Julabo, Seelbach, Germany)
to achieve temperatures below −25 ◦C and down to the temperature at which ho-
mogeneous freezing occurs naturally. A thin layer of squalene oil (ARCOS Organics,
Fair Lawn, NJ, USA) thermally connects the glass slide and the Peltier element. The
freezing stage itself consists of a gas tight aluminum housing, which is purged with
dry, particle-free air during the measurement. A LED dome lighting (SDL-10-WT,
MBJ-Imaging GmbH, Hamburg, Germany) is used for shadow-free illumination of
the droplets (Figure 2.5 b). A charge-coupled device camera is mounted at the
apex of the dome and takes images every 6 s which corresponds to a temperature
resolution of 0.1 ◦C if cooled with 1 K min−1. An aperture below the dome blocks
the light partially and creates a ring-shaped reflection in each droplet. This is used
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Fig. 2.5.: a) Side view of the LINA cold stage device with droplet array. b) Overview of the
setup with cold stage, light dome, and camera. c) Example images with f ice = 0
(left) and f ice = 0.8 (right). This figure is courtesy of Sarah Grawe.
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as detectable feature that vanishes upon freezing of the droplet (Figure 2.5 c). A
custom Python algorithm then evaluates each image in terms of the number of
frozen droplets, N frozen, in each individual image. As every image corresponds to a
certain temperature, f ice(T), the frozen fraction at the respective temperature, can
be easily derived.
Calibration of LINA
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Fig. 2.6.: Example on how the calibrated temperature is obtained for a set dew point of
−2.3 ◦C. The temperature of the Peltier element (x-axis) is plotted against the
brightness. The blue line shows the brightness(T) and the green line its derivative.
In magenta the fit of the derivative is shown. Mean and standard deviation of the
fitted normal distribution is given on top of the plot.























Fig. 2.7.: Average temperature of the Peltier element at a given dew point. Vertical error
bars indicate the 2σ range of the Peltier element temperature. The dotted red line
shows the linear fit used to yield the calibration function.
The LINA device was temperature calibrated using a dew point mirror (Dew Point
Mirror 973, MBW Calibration, Wettingen, Switzerland) as the reference. LINA was
set up similarly to a typical measurement, i.e., a thermally connected, but this
time non-hydrophobic, glass slide was placed on top of the Peltier element. The
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device was flushed with air of known dew points in the range between −2.3 ◦C and
−22.1 ◦C that were adjusted by mixing humidified and dry synthetic air. The Peltier
element was cooled down with a rate of 1 K min−1 down to three Kelvin below the
dew point. During the cooling process the top-mounted camera took pictures while
the temperature of the Peltier element was logged. When the temperature on the
surface of the glass slide reaches the dew point temperature, water will condense
onto it, which is visible as fogging of the slide in the images. The increasing fogging
manifests in the images as an increase in brightness as temperature decreases, until
it reaches a plateau where brightness does not increase anymore. With a custom
Python program the brightness increase in each image in comparison to the unfogged
state is quantified as root mean square (RMS) error between the histograms of the
images. The RMS error plotted against the temperature of the Peltier element results
in a sigmoid curve. Using the derivative of that curve and subsequent fitting of a
normal distribution, the inflection point of the RMS curve and the corresponding
temperature was obtained in a reproducible way (see Figure 2.6). This pair of values
represents the temperature at which 50% of the glass slide is fogged and is thought
to be the representative value. This procedure was repeated ten times for five
different dew points. The average of each set of ten measurements was then plotted
against the corresponding dew point (see Figure 2.7) and fitted linearly, leading to
the calibration function, which was applied in this work. At all temperatures, the















Fig. 2.8.: a) View of INDA with opened front panel. In the center is PCR plate in the ethanol
bath of the cryostat illuminated from below. The frame, when closed shields
against any unwanted light reflections and also holds the camera (not visiblee).
b) Schematic cross section of INDA (front view).
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The INDA device is comparable in its design to Conen et al. (2012), but as suggested
in Hill et al. (2016), PCR plates instead of individual tubes were used (Figure 2.8).
50µL sample suspension was filled into each of the 96 wells of the PCR plate (Brand
GmbH & Co. KG, Wertheim, Germany). The PCR plate, sealed with a transparent foil,
is then immersed into the bath of a cryostat (FP45-HL, Julabo, Seelbach, Germany)
in a way that the liquid level inside the tubes is below the liquid level of refrigerant
inside the bath of the cryostat (Figure 2.8 b). Then the temperature of the refrigerant
is cooled down with a rate of ca.1 ◦C min−1, while simultaneously temperature is
recorded and a on-top mounted camera takes pictures every six seconds. The images
are then again evaluated for N f(T).
Calibration of INDA
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Fig. 2.9.: Average temperature of the thermocouple at a given cryostat bath temperature.
Vertical error bars indicate the 2σ range of the thermocouple temperature. The
dotted red line shows the linear fit used to yield the calibration function
The INDA device was temperature calibrated by measuring the temperature inside
the wells of the PCR plate. Thereto, the wells of the PCR plate were filled with
a highly concentrated sodium chloride solution and placed in the cryostat in the
same manner as a regular measurement (see section 2.2.1). The purpose of using
a NaCl solution is to lower the freezing point of the water in the wells to enable
the calibration of temperatures below 0 ◦C without the the influence of the latent
release that would occur when the water in a well of the PCR plate freezes. A tip
(0.25 mm diameter) of a thermocouple was placed inside a well, and as the bath is
cooled down, both the temperature of the bath and the temperature inside the well
are logged. This process was repeated ten times for several different well positions.
The results for the different well positions were averaged and plotted against the
bath temperature (see Figure 2.9). A linear fit to these data yields the calibration
function.
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2.2.2 HERA
Fig. 2.10.: Side view of the HERA filter sampler without its casing. Image is courtesy of
Conrad Jentzsch.
HERA is a TROPOS-developed automated filter sampler, which has been specif-
ically designed for aircraft operations as part of the priority programme on the
High Altitude and Long Range Research Aircraft (HALO). In the framework of the
PAMARCMiP campaign, HERA was installed onboard the AWI Polar 5 aircraft, which
was the first deployment of HERA.
Aerosol particles were sampled into the Polar 5 aircraft through the shrouded inlet
diffuser (diameter 0.35 cm at intake point) as described in Leaitch et al. (2010)
and Leaitch et al. (2016). The aspiration of the sample air was almost isokinetic
(U0/U = 1.04). The inlet was connected to HERA by an approx. 6 m long, horizontal
stainless steel tube. Within HERA, the aerosol particles were collected on polycar-
bonate pore filters (Nuclepore®, Whatman™; 0.2µm pore size, 47 mm diameter)
with a constant sample air flow of around 10 L min−1 at cabin temperature and
pressure conditions. Since low particle concentrations were expected, sampling
took place during the whole flight without sampling during taxiing, take-off and
landing. The respective sample collection times ranged from 3.5 h to 7.2 h, resulting
in sampled air volumes between 2076 L to 4347 L. Each of the individual filter
samples was accompanied by a blank sample, which was treated in the same manner
as the samples including the time spent inside HERA (without air flow through the
filter). Due to operational reasons only during twelve of the 14 flights filters were
sampled, and two times, two consecutive flights were sampled onto the same filter
(for more details refer to Table B.2). Flight no.1 was aborted after only 30 min of
sampling, therefore this samples was excluded from the investigations. All samples
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were removed from the sampler and stored at −20 ◦C immediately after the flight
and kept frozen during the transport until analysis at TROPOS.
2.2.3 Low Volume Filter Sampler
During PASCAL aerosol particles were sampled using a low volume filter sampler
(LVS; DPA14 SEQ LVS, DIGITEL Elektronik AG, Volketswil, Switzerland) with a PM10
inlet. The sampler was located on top of a measurement container placed on the
starboard side of RV Polarstern on the monkey island (ca. 30 m above sea level). It
was operated with an average volumetric flow of 27.9 L min−1. It should be noted
that flow rate during PASCAL was lower than the standardized flow rate for PM10
inlets, hence the cut-off diameter d50 was higher than 10µm (ca. 11.7µm). The
LVS was routinely operated with an 8 hours sampling period, which results in a
total sampled air volume of 13.4 m3 per filter sample. On four days the 8 hour
cycle was replaced by a 2 hour cycle to study possible diurnal variation. The filter
sampler features sealed storage cassettes and an automated filter change that allows
unsupervised sampling for multiple days. The samples were collected on the same
kind of polycarbonate pore filters as used with HERA (Nuclepore®, Whatman™;
0.2µm pore size, 47 mm diameter), and usually 12 filters were prepared and put in
place inside the sampler. Two field blanks were taken on each leg and were used to
define the lower limit of observable NINP. A list of all filter samples can be found in
Table C.1 in the appendix.
2.2.4 SPIN
The SPectrometer for Ice Nuclei (SPIN; Droplet Measurements Techniques, Boulder,
CO, USA) is an online instrument to measure N INP, which was deployed during the
PASCAL campaign. It is a continuous flow diffusion chamber with a parallel plate
geometry. The instrument and its measurement principle is briefly presented in the
following, but described in detail in Garimella et al. (2016).
The fundamental idea behind SPIN measuring in its immersion freezing mode, as
it was used in this thesis, is to activate aerosol particles to cloud droplets and
then expose the droplets to conditions where ice can form in order to investigate
immersion freezing. Figure 2.11 shows a schematic of the core part of SPIN, the ice
nucleation chamber and further illustrates the measurement principle. The walls
of the chamber are held at different temperatures (exemplary shown at −30 ◦C
and −40 ◦C in Figure 2.11) and thinly coated with ice (approx. 1 mm). Therefore










































































Fig. 2.11.: Setup of the SPIN ice nucleation chamber and evaporation section. Flow velocity,
saturation ratios with respect to liquid water and ice (Sl, Si), and saturation
vapor pressures over liquid water and ice (pl, pi) are shown as a function of
temperature. The light and dark orange areas correspond to supersaturation
with respect to ice and water, respectively. The black dashed lines are the borders
of the aerosol lamina. This figure is courtesy of Sarah Grawe.
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heat and water vapor diffuse from the warm to the cold wall, hence creating
supersaturation with respect to ice and also with respect to liquid water if the
temperature gradient between the walls is sufficiently large (light and dark orange
area respectively in Figure 2.11). Hence, aerosol particles guided by an sheath air
flow through the chamber will activate to cloud droplets and potentially freeze. The
lowest part of the chamber is an evaporation section. There, the cold wall is brought
to the temperature of the warm wall, hence creating subsaturated conditions with
respect to water, but still saturated with respect to ice. This leads to evaporation of
unfrozen liquid droplets, while ice crystals prevail and reach the particle detection.
The number of ice particles is detected with an optical particle counter (OPC) which
used a threshold of 3µm to identify ice crystals. This threshold is justified because
an impactor (0.071 cm orifice, TSI Inc., St. Paul, MN, USA) with d50 = 500 nm was
used upstream of the SPIN inlet.
SPIN was deployed during the PASCAL campaign, where it was placed within a
measurement container. The aerosol was fed to SPIN together with the other aerosol
instrumentation through one main inlet (see subsection 2.1.3), but with subsequent
additional drying of the aerosol. SPIN sampled in half-hourly intervals of constant
temperature and relative humidity and each sampling condition was repeated three
times within 24 h.
2.2.5 Sea and fog water sampling
Sea water sampling
During PASCAL sea water samples from several different environments were taken:
a) ice-free ocean, b) marginal ice zone (MIZ), c) within the ice pack or d) from
meltponds. In case of a) to c), the samples were taken a few hundred meters away
from the position of the Polarstern using a Zodiac boat, while the meltponds on the
ice floe could be reached on foot. Bulk sea water samples were taken from a depth
of one meter with the help of a sealable bottle on a telescopic rod. SML samples
were collected with a glass plate sampler (Harvey and Burzell, 1972; Irish et al.,
2017). The glass plate is dipped into the water body, slowly withdrawn and the
surface film, which clings to the sides of the glass plate, is wiped off the plate into a
sample container with a Teflon® wiper.
The sea water sampling was conducted on a daily basis. The SML and bulk sea
water samples were taken at the same time and location with the only exceptions of
shallow meltponds where no samples from one meter depth could be taken as well
as days with harsh weather when no surface film could form. A list of all SML and
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BSW samples can be found in Table C.2 in the appendix. A further description of the
sea water sampling, and a chemical and microbiological analysis of the samples can
be found in Zeppenfeld et al. (2019).
Fog sampling
Fog water was collected with the Caltech Active Strand Cloud Collector Version
2 (CASCC2; described in Demoz et al., 1996) during PASCAL. The CASCC2 is a
non-selective sampler that catches hydrometeors by impaction on Teflon® strands
(508µm diameter). Droplets caught on the strands are gravitationally channeled
into a Nalgene bottle. The instrument operates with a flow rate of approximately
5.3 m3 min−1 resulting in a 50% lower cut-off size of approximately 3.5µm. The
sampler was mounted onto the stern-side railing of the monkey island of RV Po-
larstern with its inlet also facing towards the stern. This orientation was chosen to
prevent sea spray entering the sampler when the ship is moving forward. During
daytime on the PS106.1 cruise, the sampler turned on every time the visibility
decreased significantly and was running continuously during the night. On leg 2
the sampler was running continuously and the sample bottle was changed when
sample material was collected and the fog event was over. In all cases the sampler
was rinsed with ultrapure water after a fog event was sampled and the sample bottle
changed. During the entire campaign, 22 samples were collected, about two thirds
of them on the second leg alone. A list of all fog samples can be found in Table C.3
in the appendix.
2.2.6 Other Aerosol Instrumentation
During the PASCAL campaign the aerosol was also characterized towards its parti-
cle number size distribution, total number concentration and cloud condensation
nuclei concentration. The instruments used for this purpose are described in the
following.
CPC
A condensation particel counter (CPC; model 3010, TSI Inc., St. Paul, MN, USA)
was deployed to measure the total number of aerosol particles in a given volume of
air, NCN, during the PASCAL campaign. A CPC can measure NCN for particles from
a few nanometers to several hundred micrometers. The ability to register particles
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Fig. 2.12.: Calibration function for the CPC used to measure N total during the PASCAL
campaign.
over such a wide range is achieved by condensational growth of the particles to a
size where they are optically detectable. In the model 3010, the aerosol particles are
led into a heated saturator with butanol as a working fluid. The butanol saturated
aerosol flow is directed into the condensor where, due to a decrease in temperature,
the aerosol flow becomes supersaturated so that butanol vapor condenses onto the
surface of the aerosol particles and forming micrometer sized droplets. The droplet
stream is then focused and led into the optical detector, where it passes through a
laser beam. Each droplet passing through the laser beam causes a pulse of scattered
light, which is detected by a photodiode. With that measured number of light pulses
and the known aerosol flow rate, NCN is obtained. Figure 2.12 shows the calibration
function for the used instrument during PASCAL. From that it can be seen that the
lower detection limit, given by d50, i.e., the diameter at which 50% of the particles
are detected, is 9 nm.
MPSS
In the framework of this thesis a mobility particle size spectrometer (MPSS) was
used to measure the particle number size distribution (PNSD) of aerosol particles in
the size range from 10 nm to 800 nm during the PASCAL campaign.
The main components of a MPSS are a bipolar diffusion charger, a differential
mobility analyzer (DMA), and a condensation particel counter (CPC) through which
the aerosol flow is sequentially led. The purpose of the diffusion charger is to bring
the entire aerosol particles population to a constant bipolar charge equilibrium. The
particles, which now have known charge distribution are then fed into the DMA. The
basic principle of the DMA is that electrically charged particles move in an electric
field according to their electric mobility, which depends mainly on particle size and
electric charge. By applying a certain voltage and thus generating a certain electric
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field in the DMA, it can be adjusted that only particles with a certain electric mobility
reach the outlet of the DMA. The CPC then measures the number of particles with
the respective electrical mobility. Hence, if a range of different voltages is applied
at the DMA, a electrical mobility distribution can be obtained, which then can be
translated into a particle number size distribution by an inversion routine. MPSS
systems vary in certain aspects like e.g., the geometric dimensions of the DMA or the
kind bipolar diffusion charger used. During the PASCAL campaign a TROPOS-type
MPSS system was deployed (Wiedensohler et al., 2012). The MPSS was operated
as scanning mobility particle sizer (SMPS) (continuous increase and subsequent
decrease of the DMA voltage). The time resolution of an up- and down-scan was
5 min. PNSDs were derived with the inversion algorithm by Pfeifer et al. (2014)
and corrected for transmission losses as well as counting efficiencies according to
Wiedensohler et al. (1997). The sizing of the MPSS was calibrated according to
Wiedensohler et al. (2018).
CCNC
A cloud condensation nucleus counter (CCNC) was deployed to measure the concen-
tration of cloud condensation nuclei, NCCN, at atmospheric relevant supersaturations
(SS). The CCNC is a continuous flow thermal-gradient chamber (Figure 2.13), which
has been described in detail by Roberts and Nenes (2005). Its working principle
is briefly outlined in the following: In the diffusion chamber, the walls are wetted
with water and a constant thermal gradient with increasing temperature in direction
of the aerosol flow is established. This leads to a quasi constant supersaturation
along the centerline of the chamber. Guided by an sheath air flow the particles are
led along the centerline through the chamber. Depending on the physico-chemical
properties of the particles and the established supersaturation, particles will activate
and grow into droplets. An OPC then counts all particles >1µm as CCN.
The CCNC (CCN-100, Droplet Measurement Techniques, Boulder, USA) deployed in
the framework of this thesis was operated at six different supersaturations (0.1%,
0.15%, 0.2%, 0.3%, 0.5%, 1%,). Each SS was sampled for 10 min and averaged over
that period, hence a certain SS has an time resolution of 1 hour. The instrument was
calibrated with ammonium sulfate particles before and after the campaign according
to the ACTRIS protocol (Gysel and Stratmann, 2013).
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Fig. 2.13.: Operational and flow schematic of the streamwise thermal gradient CCN instru-
ment. Adapted from Roberts and Nenes, 2005
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2.3 Data analysis
2.3.1 INP concentration
As outlined above, the droplet freezing arrays INDA and LINA deliver frozen fractions
as primary result. To determine the respective number concentration of INP in the
investigated sample, and the respective concentrations in the compartment the
sample was taken from, the equation given in Vali (1971) was used:
NINP(T ) =
− ln(1 − fice)
Vdrop
(2.1)
with fice = Nfrozen(T )Ntotal , where N total is the number of droplets, and N frozen(T) the
number of frozen droplets at temperature T . With the given number of droplets
(N total = 90) and volume (V drop = 1µL), the upper and lower limits of the detectable
range (per volume of water) of LINA are 1.12 × 104 L−1 and 4.5 × 106 L−1, whereas
2.1 × 102 L−1 and 9.1 × 104 L−1 are the limits for INDA (N total = 96; V drop =
50µL).
In case of the atmospheric filter samples in order to derive atmospheric NINP, the
denominator in Equation 2.1 needs to be modified so that it represents the volume
of air sampled into each droplet:
NINP(T ) =





with the volume of air sampled through one filter V air and V wash, the volume of
water the particles were rinsed off with and suspended in.
Conversion of INP concentration in ice core meltwater to atmospheric concentra-
tions Petters and Wright (2015) derived atmospheric INP concentrations from
precipitation samples. Here, it is assumed their method is also applicable to ice
core samples, since ice cores are accumulated from snow precipitation. Particles
found in ice cores originate from both dry and wet deposition, with wet deposition
dominating in the Arctic due to the high snow accumulation (Fischer et al., 2007;
Gao et al., 2007). It is generally assumed that particles are conserved once occluded
in the ice (see also the discussion on post-depositional alteration in section 3.1.1).
Therefore, the procedure from Petters and Wright (2015) is adopted for estimating
atmospheric INP concentrations from ice core water samples. However, it cannot be
excluded that a small portion of the INPs measured from ice core samples originate
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from dry deposition. Therefore, INP concentrations derived from ice core meltwater
should be considered as the upper limit of atmospheric concentrations.
The basic idea behind the derivation is to relate the concentration of INP in the pre-
cipitation sample (number of INP per volume of precipitation) to the concentration
of INP in the air (number of INP per volume of air) through the condensed water
content (CWC), i.e. the amount of precipitable water per volume of air.
NINP(L−1water)/CWC(Lwater/Lair) = NINP(L−1air) (2.3)
A key uncertainty in this conversion is the CWC itself, which can vary between
0.2 g m−3 to 0.8 g m−3 (Petters and Wright, 2015). In this study the atmospheric
N INP are calculated with CWC = 0.4 g m−3, which leads to an uncertainty of a
factor of 2. Model studies and field observations of Artic clouds show that in the
Arctic a CWC of 0.4 g m−3 is rarely exceeded (Lawson et al., 2001; Leaitch et al.,
2016; Stevens et al., 2018). Therefore, the used value for the CWC can be seen as
an upper bound and the resulting uncertainty might even be smaller than a factor of
2. Further uncertainties are the presence of dissolved solutes and chemical aging of
INP leading to estimated uncertainties of less than one order of magnitude. Petters
and Wright (2015) also mention preconcentration of INP in the precipitated water
due to high precipitation evaporation rates as factor to be considered at certain
sampling locations (dry climates, e.g. Antarctica, and high cloud base). However,
due to the usually low cloud bases (Morrison et al., 2012; Shupe et al., 2006; Shupe
et al., 2013a) and high humidity below the clouds in the Arctic (Maturilli et al.,
2013; Shupe et al., 2013b) this effect negligible in this study.
Uncertainty of the INP concentration due to Poisson statistics The uncertainty in
N INP was calculated with different methods in the ice core study (section 3.1), and
the studies related to PAMARCMiP (section 3.2) and PASCAL (section 3.3). For
the former a Monte Carlo simulation approach was used, whereas for the latter
a formula by Agresti and Coull (1998) was applied. The method was changed,
because the formula by Agresti and Coull (1998) has become an established method
for estimating the N INP uncertainty in the literature.
Estimation of the N INP uncertainty with Monte Carlo simulation The uncer-
tainty in N INP due to the randomness of the distribution of INP in droplet freezing
experiments was estimated by Monte Carlo simulations (100 000 iterations) follow-
ing Harrison et al. (2016). This leads to a distribution of possible values of N INP that
30 Chapter 2 Experimental
all can explain the observed fice. Following the central limit theorem, confidence
intervals were derived from that distribution. The error bars on N INP shown in
the figures of the study on Arctic ice cores (section 3.1) depict the respective 95%
confidence interval. It should be mentioned that the measurement uncertainty
depends on the value of fice and are largest for the smallest values. Therefore, fice
has the largest error bars whenever it is derived from low fice for both LINA and
INDA.
Estimation of the N INP uncertainty with a forumula by Agresti and Coull (1998)
Agresti and Coull (1998) published an approximation for binomial sampling intervals,
which was applied to N INP measurements by e.g., Gong et al. (2020), McCluskey
et al. (2018a), and Hill et al. (2016). Following their approach the confidence





[fice(1 − fice) + z2a/2/(4n)]/n
)
/(1 + z2a/2/n), (2.4)
where n is the droplet number, and za/2 is the standard score at a confidence level
a/2, which for a 95% confidence interval is 1.96.
2.3.2 Back trajectories
For the studies conducted in the framework of PAMARCMiP and PASCAL the origin
of air masses was investigated with back trajectories calculated by the HYbrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph et al., 2017; Stein
et al., 2015). As input for the model, the GDAS1 meteorological fields (Global Data
Assimilation System; 1° latitude/longitude; 3-hourly) were used. For the aircraft
measurements during PAMARCMiP, the trajectories for a certain research flight were
initiated roughly every 5 minutes at the position (latitude, longitude and altitude)
the aircraft had at that time. For the PASCAL campaign, trajectories were initiated
at 50 m, 250 m and 1000 m every hour at the position of the ship.
2.3.3 Sea ice fraction and thickness
For several of the research flights of PAMARCMiP, the sea ice fraction directly below
the aircraft was measured and divided into subtypes based on images taken by a
commercial digital camera (Jäkel et al., 2019). To document the ice fraction over a
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large area, the camera (spatial resolution of 3908 x 2600 pixels) was equipped with
a 180° fisheye lens. The camera was geometrically calibrated in the laboratory. The
images taken every 6 sec were filtered for cloud free situations below the aircraft.
The method of image classification into thick and thin ice, as well as open water
relies on manually selecting red, green, and blue thresholds, derived from training
samples. For flight tracks where no pictures from the fish eye camera were available,
images were extracted from video camera data and classified utilizing a similar
approach.
Flights on March 30 and 31 were carried out in combination with electromagnetic ice
thickness measurements (Haas et al., 2010). From the ice thickness measurements
it was possible to extract the occurrence and widths of leads along the flight tracks
(see section B.5). The ice thickness surveys were also special as they required low
flying at altitudes of approximately 70 m, enabling air sampling at such low levels.
2.3.4 Transmission Electron Microscopy
On board the Polar 5 aircraft, impactor samples were collected during the PAMARCMiP
campaign for subsequent analysis by transmission electron microscopy (TEM). The
TEM (JEM-1400, JEOL, Tokyo, Japan) was coupled with an energy dispersive X-ray
spectrometer (EDS; X-max 80 mm, Oxford Instruments, Tokyo, Japan) to measure
compositions and shapes of individual aerosol particles. Aerosol particles with ∼
0.1µm to 0.7µm aerodynamic diameter (50% cutoff diameter) were collected on
TEM grids with formvar carbon substrate using an impactor sampler (AWS-16, Arios,
Tokyo, Japan) with a sampling time of 19 min. Either 3 or 4 samples were used
(depending on availability) from flights in March 25, 26, 27, 30, and 31 and April
4 (19 samples in total). For each flight, more than 200 particles per grid from
randomly selected areas were analyzed, resulting in measurements of 5228 particles
in total. Particles were classified into dust (particles containing both Fe and Al),
sea salt (particles containing both Na and Mg), sulfate (particles containing S),
and others based on their compositions. Dust particles were further classified into
(mineral) dust, Fe-bearing particles, and fly ash based on their composition and
shapes using the same criteria as Moteki et al. (2017). In this study, Fe-bearing
particles and fly ash particles were categorized into the category "other" so that the
category "dust" only contains mineral dust particles. Sulfate particles that could be
classified in more than two categories (e.g., sodium sulfate) were categorized in
non-sulfate categories.
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3.1 INP measurements on Arctic ice core samples
Ice cores are a type of climate archive that is widely used to reconstruct and under-
stand Earth’s atmospheric history (Petit et al., 1999; Steffensen et al., 2008; Lorius
et al., 1990). However, such investigations usually focus on parameters like temper-
ature, greenhouse gases and particulate matter concentrations, or moisture sources.
In this study ice core material is used for the first time to derive INP concentrations
on historical time scales.
“The Past is the Key to the Future”, is a guiding principle in disciplines like geology,
climatology etc. In this sense, studying the variations of INP concentrations and
properties over the past centuries might help to better understand possible future
changes and their effects resulting from and caused by a rapidly warming Arctic.
Until now, knowledge of historical changes in INP concentrations did not extend
beyond the first systematic instrumental INP measurements carried out in the middle
of the last century. Also measurements in remote regions like the Arctic took place
comparatively rarely and studies on long-term trends and seasonal patterns are even
more scarce.
The following study presents a time series of INP concentrations from the Little
Ice Age in the 16th century to the end of the last century (1989 CE) using ice core
samples from two sites in Greenland and Svalbard, respectively. In addition, pos-
sible seasonal and long-term trends, and anthropogenic influences are discussed
and can therefore help to fill the knowledge gaps. It also provides data for driv-
ing, constraining, and evaluating both, climate and smaller scale cloud resolving
models.
3.1.1 Results & Discussion
Forty-two samples were investigated from the Lomo09 ice core covering the period
from 1480 CE to 1949 CE. Six of these samples span periods of 2 to 6 years (hereafter
referred to as multi-year samples), while the remaining 36 samples span several
months (hereafter referred to as sub-year samples). The sub-year samples are a
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subset of the multi-year samples, covering similar periods, but with higher temporal
resolution (see Table A.1). Twenty-seven multi-year samples of the EUROCORE ice
core were analyzed, each covering 2 to 5 years and representing the period from
1735 CE to 1989 CE (see Table A.2). No sub-year samples were available for this ice
core.
Figure 3.1 presents a time series of N INP at −20 ◦C, −15 ◦C, and −10 ◦C. As
reference, the minimum and maximum N INP(T) observed by Petters and Wright
(2015) (black dashed horizontal lines) are included, indicating the range of N INP
obtained from precipitation samples collected mainly in present-day North America
and Europe. Periods with different characteristics are highlighted in the figure:
reduced Arctic sea ice extent (Kinnard et al., 2011), shaded grayish area, intervals
of particularly warm summers on Svalbard (D’Andrea et al., 2012), shaded reddish
areas, and the period of the 1783 Laki eruption as defined in Fiacco et al. (1994),
vertical black line. The temperatures were chosen to be representative for the mixed-
phase cloud temperature regime, while still providing a good temporal coverage
with data points (the full freezing curves are given in section A.2 in the appendix). A
Poisson distribution of INP characterizes the measurement methodology. Hence the
measurement uncertainty of each data point depends on the underlying number of
frozen droplets (see subsection 2.3.1 and Figure 3.3). At both locations N INP of the
multi-year samples feature no clear trend and vary during the past 500 years mostly
within the range reported by Petters and Wright (2015). The sub-year samples
display a similar, if not larger variation.
In Figure 3.2, time series of black carbon (BC, Osmont et al. (2018)), non-sea-salt
sulfate (nss-SO2−4 ), and ammonium (NH
+
4 ), both from Wendl et al. (2015), are
shown for the Lomo09 ice core. All three time series are influenced by anthropogenic
emissions: BC originates primarily from fossil fuel and biomass burning, NH+4 from
agriculture, livestock, and biomass burning and nss-SO2−4 from fossil fuel combustion
and metal smelting. Sudden peaks in nss-SO2−4 concentrations can also be attributed
to volcanic eruptions, such as the eruption of the Laki fissure (Iceland) in 1783.
It can clearly be seen that all concentrations show increasing trends towards the
present. BC increased from pre-industrial times (before 1700 CE) to the last decades
of the 20th century (since 1950 CE) by a factor of 7.6, nss-SO2−4 by a factor of 4.5, and
NH+4 by a factor of 1.99. However, in Figure 3.1, no comparable clear overall trend
in N INP can be observed at none of the freezing temperatures. At −20 ◦C samples
from the EUROCORE ice core show medium-range N INP values with comparatively
little variation (between 0.1 and 1.0 L−1 air) from 1734 CE to 1840 CE, followed
by a period with generally higher values, but also a larger variability (1840 CE –
1938 CE), followed again by a period of medium-range values. For the Lomo09 ice




















































Fig. 3.1.: Time series of N INP at −20 ◦C (a), −15 ◦C (b), and −10 ◦C (c) for multi- and
sub-year samples at both sites. Note that N INP at −20 ◦C and −15 ◦C have been
obtained with the LINA device, whereas N INP at −10 ◦C have been measured with
the INDA device. Error bars indicate the uncertainty rooting in the methodology
itself due to the Poisson distribution of INP (see section 2.3.1). As a reference,
black dashed horizontal lines are included which show the range of values ob-
served by Petters and Wright (2015) for present North America and Europe. The
shaded grayish area delineates a period of reduced Arctic sea ice extent found
by Kinnard et al. (2011) and shaded reddish areas show intervals of particularly
warm summers on Svalbard by D’Andrea et al. (2012). The black vertical line
indicates the period of the 1783 Laki eruption as defined in Fiacco et al. (1994).
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core it is difficult to assign periods in a similar fashion, since the samples cluster
around six narrow time windows. However, it is worth mentioning, that the highest
N INP was observed subsequent to a warm period on Svalbard from 1750 AD to 1780
AD (D’Andrea et al., 2012).
In the following, time series are discussed and hypotheses are proposed when
possible.
There are two key findings in the above presented result: First, the results indicate
that N INP varied within the same range as present-day observations and a long-term
trend was not obvious. Second, the sub-year samples show a larger variability of
N INP.
Human activity has been responsible for the change in specific atmospheric compo-
nents since the industrial revolution around 1750 (IPCC, 2014). Figure 3.2 shows
that anthropogenic emissions have clearly modified the aerosol characteristics in
the Arctic, however, there seems to be no evident effect on the INP concentration.
In fact, this observation is to be expected: Current knowledge of effects of anthro-
pogenic emission on INP shows that apart from BC, which might act as INP through
deposition freezing in cirrus cloud regimes (Jensen and Toon, 1997; DeMott et al.,
1999; Dymarska et al., 2006) influences are negligible (Chen et al., 2018). Biomass
burning can be another source of BC and INP may be co-emitted. However the
INP associated with biomass burning are generally ice active at low temperatures
(McCluskey et al., 2014; Petters et al., 2009; Prenni et al., 2012). Also Borys (1989)
did not see a correlation between INP and Arctic haze aerosol, which consists mainly
of accumulated anthropogenic pollution. This is in line with the findings presented
herein: the increase in anthropogenic emissions transported into the Arctic does
not result in an increase in N INP. Volcanoes can have climatic impacts on global
scales and some samples used in this study were explicitly chosen to have temporal
overlap with volcanic eruptions: e.g. sample T139 covers the whole Laki eruption
and the year after the eruption ended (an enlargement of this period can be found
in section A.3). Volcanic ashes mainly act as INP at lower temperatures (<−23 ◦C,
except for supermicron particles, which can initiate freezing already at around
−13 ◦C (Gibbs et al., 2015; Hoyle et al., 2011; Durant et al., 2008). Nevertheless,
neither the EUROCORE nor the Lomo09 samples show significantly enhanced N INP
during times of an volcanic eruption. A reason may be that large ice active ash
particles are not transported to the ice core sites. For both ice cores used in this
study no data about the ash particle concentration is available, but the studies by
Fiacco et al. (1994) and Kekonen et al. (2005) confirm that tephra originating from
the 1783 AD Laki fissure eruption can be found in ice cores, which were drilled in
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Fig. 3.2.: Time series of Black Carbon (BC), non-sea salt sulfate (nss-SO2−4 ), and ammonium
(NH+4 ) derived from the melt water of Lomo09. Gray dots show the individual
values, while the colored lines are the rolling means of 40 values. Original data
from Osmont et al. (2018) (BC) and Wendl et al. (2015) (nss-SO2−4 and NH
+
4 ).
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close proximity (< 30 km) to the EUROCORE and Lomo09 sites, respectively. From
Fiacco et al. (1994) an upper limit for the concentrations of supermicron tephra
particles, which are known to be highly ice active, can be derived and compared
to N INP. Fiacco et al. (1994) found particle concentrations of up to 1 L−1 in ice
core water, but only roughly 4 × 10−3 L−1 could be identified as ash particles in the
size range between 1µm to 10µm. N INP at −15 ◦C ranges from roughly 103 L−1 to
107 L−1 in ice core water, i.e. the ash particle concentration derived from Fiacco
et al. (1994) is orders of magnitudes lower. Therefore, it is not surprising that no
higher N INP associated with volcanic eruptions is detected, even in the case of a
large eruption in the immediate vicinity.
In the present study, it is observed that the short-term variability of N INP is similar
or even larger than the long-term variation seen over the centuries in both ice cores.
However, short-term variations (hourly to daily) of a similar order of magnitude
were already described by Bigg (1961), Bigg and Leck (2001a), and Welti et al.
(2018). The former two studies attribute this to wind direction and intermittent
mixing of air from above cloud-base towards the surface. Welti et al. (2018) explain
the variability with the nature of the source and, e.g., mixing during transport.
They state that the frequency distribution of INP concentrations is log-normal as a
consequence of successive random dilution events during their transport and that
the shape of the distribution allows conclusions on the proximity of the source. The
INP population experiences more random mixing with elongated transport. As a
consequence, the frequency distribution broadens and follows more the shape of
a log-normal distribution. A similar in-depth analysis is not possible for this study
due to the comparatively low number of samples, but it was tested if N INP follows a
log-normal distribution at eight selected temperatures (see Table A.3 for the Lomo09
samples and Table A.4 for EUROCORE in the appendix). There is evidence in the
samples from both ice cores that, especially at lower temperatures, the data are from
a log-normally distributed population (significance level α = 0.05). Thus, long-range
transport is a probable source for INP, that are ice active at lower temperatures.
Accordingly, for INP that are ice active at higher temperatures, long-range transport
is less likely to be the source. As a consequence, also an Arctic, possibly local, sources
should be considered for INP ice active at high temperatures.
Sources from within the Arctic, especially the emergence and vanishing of biological
particle sources due to changes in the ice cover, are a possible reason for changes
in N INP (roughly one to two orders of magnitude) during seasonal transitions
(Creamean et al., 2018; Wex et al., 2019; Bigg and Leck, 2001a; Bigg, 1996).
While the sub-year samples show a respective pattern, a statistically significant
seasonal variation with high N INP during a particular season is not found for all
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Fig. 3.3.: Exemplary selection of INP spectra from samples of both ice cores, showing indica-
tion for biological INP (greenish colors) and those which do not (purplish colors).
Dots indicate INDA measurements and crosses indicate LINA measurements. Indi-
vidual curves are labelled consistently with the sample lists in section A.1. Framed
in black is an instance of a step-like increase as described in the discussion. For the
samples T057.2 and T057.4 the respective error bars of the INDA and LINA data
are shown. For clarity only these exemplary error bars are shown. Information
on how the error bars were calculated can be found in section 2.3.1. The gray
shaded area denotes the envelope of all measurements of precipitation samples
made by (Petters and Wright, 2015).
sets of sub-year samples. This might be connected to the fact that even the sub-
year samples often cover several months, which means that they often represent
different seasons. Additionally, uncertainty in dating, particularly for the samples
that accumulated longer ago, might play a role. Nevertheless, many samples in
the present study exhibit high N INP already at relatively high temperatures (cf.
Figure A.1 and Figure A.2) which is indicative of biological INP (Christner et al.,
2008; Lindow et al., 1982; O’Sullivan et al., 2018; Turner et al., 1991). The
shape of the respective INP spectra also hints at biological INP since a step-like
increase (Figure 3.3) is indicative for those (Beydoun et al., 2017; Welti et al.,
2018). Therefore, it is likely that biological INP have contributed to the Arctic INP
population throughout the past centuries.
Hicks and Isaksson (2006) show that birch (Betula) and juniper (Juniperus) pollen,
both highly ice active, is present in ice cores from Lomonosovfonna, but the lack
of temporal overlap between their and the samples of this study hinders further
comparisons. Results from the pollen analysis of the EUROCORE ice core by Brugger
et al. (2019), show that the two samples (spanning 12.1 and 13.6 years) with the
highest concentrations of Betula alba pollen occur in the same period where some
of the highest and most variable N INP(−20 ◦C) are observed. A further distinction
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between the continental biological species of the Arctic aerosol (Fu et al., 2013;
Moffett et al., 2015; Šantl-Temkiv et al., 2018; Hicks and Isaksson, 2006), which
can also be ice active (Pummer et al., 2015), and the INP of marine origin (Leck
and Bigg, 2005; Wilson et al., 2015; Schnell and Vali, 1975; Schnell and Vali, 1976;
Schnell, 1977; DeMott et al., 2016), is not possible for the investigated samples. The
correlation plot in Figure A.4 shows no clear correlation between N INP at selected
temperatures and concentrations of different chemical parameters for the Lomo09
ice core preventing further statements about the nature of the INP. The correlation
between chemical parameters and N INP is weak in general, which is in line with the
observations by Welti et al. (2018) and also expected since a bulk chemical method
cannot grasp the chemical nature of one INP in a million or more other particles.
Atmospheric and post-depositional alteration of INP
INP may already be subject to alteration during their transport in the atmosphere,
although not many studies on that topic exist. Amato et al. (2015) show that typical
IN active bacteria retain their activity on time scales characteristic for the transport
between the source and the cloud. Gute and Abbatt (2018) report no effect on IN
activity due to UV or sunlight exposure, however for deposition freezing mode they
found that chemical in-cloud oxidation lowers the IN activity of pollen but not of
mineral dust.
Post-depositional processes may alter the properties of INP for instance due to
exposure to air and UV-radiation, which is a concern especially for biological INP.
Approximately 85% of photochemical reactions occur in the top 10 cm of the snow-
pack (King and Simpson, 2001). For Lomonosovfonna, with an average annual net
accumulation of 0.58 m water equivalent and a density of 0.4 g cm−3 0.4 g cm−3, a
net accumulation of 12 cm snow per month is observed, so that the exposure time
to photochemical reactions is less than a month. It is unclear if this is sufficient to
change IN activity. To the best of the author’s knowledge , the only data available
are numbers of viable bacteria, which did not correlate with the age of the ice. Ice
deposited more than 12000 years ago under cool, wet climate conditions on Sajama,
Bolivia, contained more recoverable bacteria than modern ice, deposited at the same
location during a warmer, dryer period (Christner et al., 2000). Even 5000 year old
pollen grains are well preserved in ice and do not show any indication of deteriora-
tion, when visually inspected under the microscope (Brugger et al., 2018). Polen
et al. (2016) postulate a shift of the freezing curves towards lower temperatures with
increasing storage time and successive freeze/thaw cycles. However, the correlations
in their presented data are not unambiguous and the observed temperature shift
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does not exceed 3 ◦C.
Under certain conditions like presence of liquid water and nutrients, bacteria and
algae can grow on the glacier surface. In the Lomonosovfonna ice core, several
mm-thick layers were found containing colored particles, presumably snow algae.
These layers were not collected for INP analysis.
Kumar et al. (2018), Harrison et al. (2016), and Peckhaus et al. (2016) investigated
how feldspars, mainly K-feldspars, as representative for the most IN active mineral
dust particles, deteriorate over a period of up to 16 months when kept in liquid water.
In general only a slight reduction in IN activity for feldspar particles was observed.
A single exception was a sample of hyperactive albite in the study of Harrison et al.
(2016), whose mean freezing temperature decreased by 16 ◦C. Kumar et al. (2018)
additionally found that various solutes affect the IN activity of K-feldspar particles
differently. However, their solute concentrations were 5 to 6 orders of magnitude
higher compared to those found by Wendl et al. (2015) in the Lomo09 ice core.
The Lomonosovfonna glacier experiences recurrent summer melting, which can alter
the ice core records due to water percolation through the snowpack, leading to relo-
cation of chemical compounds or even runoff in the warmest years. However, Pohjola
et al. (2002) and Vega et al. (2016) concluded that most of the atmospheric signal
was preserved at an annual or a biannual resolution, and at a decadal resolution
melt impact was negligible on ionic species (Wendl et al., 2015). It is conceivable
that melt events can results in the relocation of INP by several years.
Overall, literature suggests that biological and mineral INP deteriorate only slightly
over time, if at all. Also, no pronounced decrease in ice activity over time is observed.
This might be a further indication that INP are indeed well preserved in ice cores
and that ice cores enable a reconstruction of INP concentrations in past climates.
3.1.2 Summary
The present study shows for the first time historic concentrations of ice nucleating
particles (N INP) over the past 500 years derived from ice core material at two
Arctic sites. The range of INP concentrations was found to be similar to present-day
observations (Petters and Wright, 2015) and without long-term trend. N INP did not
increase since the beginning of the industrialization, suggesting that anthropogenic
pollution reaching the Arctic has not affected N INP. High onset temperatures for
ice nucleation and the general shape of the N INP spectra indicate the presence of
biological INP. For those, a local Arctic source that is more active during a particular
time of the year, is likely. However, with the available data it is not possible to
differentiate between marine or terrestrial sources. Although, the here presented
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record of Arctic INP concentrations does not exhibit a clear trend throughout the
past 500 years, in view of Arctic Amplification, it has to be kept in mind that the
present changes in the Arctic are unprecedented in speed and intensity. New sources
of highly ice active biological INP may arise or existing ones could be amplified
(Arrigo et al., 2008). This is a clear motivation for more studies on sources and
transport of Arctic INP. To better understand the implications of potential future
changes in INP concentrations, ideally, focused studies would:
• produce a continuous record of N INP in ice cores that represent the last few
centuries,
• extent the historical record of N INP back in time, preferably when significant
global climatic changes happened (e.g., Last Glacial Maximum),
• include joint chemical and biological analysis of substances and species rele-
vant for INP, which are needed for their source apportionment,
• cover ice cores from multiple sites around the Arctic, helping to investigate
the spatial distribution of INP,
• link historicN INP records with results from intense present-day field campaigns
that study INP characteristics.
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3.2 Airborne INP measurements during PAMARCMiP
In the introduction (chapter 1) it was already mentioned that INP measurements
in remote regions have been performed more rarely in comparison to regions
that are easier accessible. Similarly airborne measurements are less frequent than
ground-based measurements. While measurements on the ground are relevant
for the general understanding of INP properties and sources, a higher degree of
relevance in the context of aerosol-cloud interaction is given if the INP populations
are characterized at cloud level. In that sense, the data presented here from aircraft
measurements performed onboard the Polar 5 during PAMARCMiP make a significant
contribution towards the understanding of INP and their potential impact on clouds
in the Arctic. In fact, other than the study presented here only Flyger et al. (1973),
Flyger et al. (1976), Borys (1989), Rogers et al. (2001), and Prenni et al. (2007a)
have reported N INP for aircraft measurements in the Arctic. However, it has to be
noted that none of these studies was carried out at such high latitudes and as early in
the year as PAMARCMiP. PAMARCMiP took place in the vicinity of Villum research
station (VRS; 81°36′N, 16°40′W) between end of March and beginning of April,
whereas Flyger et al. (1973) and Flyger et al. (1976) mostly took place between
60°N and 72°N in summer. The study by Rogers et al. (2001) took place during the
mid of May ca. 500 km northwest of Barrow (Alaska, USA) and the values reported
by Prenni et al. (2007a) where measured in late September through October over
the Alaska North Slope (USA). Borys (1989) is the study which is most comparable
to ours in terms of location and time of the year (up to 77°N in April) and, as will be
shown later, also reports the most similar N INP.
Ground-based measurements of INP in the Arctic often report biological INP that
are ice active at warmer temperatures such as −15 ◦C and above (Creamean et al.,
2018; Creamean et al., 2019; Mortazavi et al., 2015; Šantl-Temkiv et al., 2015;
Šantl-Temkiv et al., 2019; Wex et al., 2019). The study by Šantl-Temkiv et al.
(2019) is of special interest in the context of the work presented here, because their
measurements were performed at Villum research station (VRS), which has been
also the base of operation during PAMARCMiP. Šantl-Temkiv et al. (2019) found
that some INP in the air during summer and in the snowfall during springtime,
were proteinaceous and possibly of bacterial origin. As Arctic mixed phase cloud
temperatures from March to May are in the range between −10 ◦C to −20 ◦C (Shupe
et al., 2006), highly ice active biological INP can trigger primary ice formation
already at warm temperatures and thus strongly affect the radiative properties of
such clouds. However, due to the Arctic peculiarity of the Polar night and because
most of the land and ocean surfaces are covered by snow and ice during a significant
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part of the year, the sources for biological particles might be occluded or reduced in
their strength. Such a seasonality of biological INP was indicated in the study by
Wex et al. (2019). However, studies of airborne INP measurements near cloud level
are still rare, and the origin of INP remains unclear over ice covered regions like the
central Arctic Ocean especially in wintertime. It is evident that the sources and ice
activity of Arctic INP are not well understood. However, to estimate the radiative
properties of Arctic clouds in the future, it is important to understand INP as they
are the base for the phase state driven optical properties of clouds. In this study INP
concentrations derived from aircraft collected filter samples in the high Arctic are
presented and deductions towards the nature and source of the INP are made.
3.2.1 Results & Discussion
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Fig. 3.4.: Atmospheric INP concentrations, N INP, of all samples (dot symbols) and corre-
sponding field blanks (minus symbols) collected onboard the Polar 5 aircraft.
The samples which are clearly different from their corresponding field blank are
colored, while all others are gray. The gray shaded area is the range of observed
N INP by Petters and Wright (2015). 95% confidence intervals were derived using
the formula of Agresti and Coull (1998). For visibility reasons only the confidence
intervals for the three high INP samples are shown.
Cumulative spectra of N INP versus temperature for all samples and their correspond-
ing field blanks are shown in Figure 3.4. Three samples (Mar 25, Mar 30 and Mar
31; green, brown and orange, respectively in Figure 3.4) show clearly elevated
concentrations above −15 ◦C in comparison to the corresponding blanks, and are
hereafter referred to as high INP samples. For the remaining ones (gray symbols in
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Figure 3.4) the measured concentrations are close to those determined for the field
blanks. For these samples, the given values represent upper limits for the prevailing
INP concentrations.
N INP at −15 ◦C were 1.8 × 10−2 L−1 (Mar 25), 4.75 × 10−3 L−1 (Mar 30), and
6.95 × 10−3 L−1 (Mar 31). These concentrations are well within the wide range
of N INP given by Petters and Wright (2015) in mid-latitudes (gray shaded area in
Figure 3.4). Compared to the few earlier studies of airborne N INP in the Arctic
(Flyger et al., 1973; Flyger et al., 1976; Borys, 1989; Rogers et al., 2001; Prenni
et al., 2007b), the values reported in the present study are often lower (a factor of
50 at −15 ◦C). However, it should be noted that none of the other airborne studies
took place at such high latitudes and as early in the year as PAMARCMiP. The study
by Borys (1989) is the most comparable to the present study in terms of location
and time of the year and also reports the most similar N INP: 1.5 × 10−2 L−1 and
0.46 L−1 at −15 ◦C and −25 ◦C respectively, measured in April in latitudes up to
77°N.
Concerning potential contamination of the samples with combustion aerosol particles
produced by the aircraft itself it can be noted that previous aircraft-based INP studies
(Rogers et al., 2001), ship-based INP measurements (McCluskey et al., 2018a;
Thomson et al., 2018), or laboratory investigations (Diehl and Mitra, 1998; Schill
et al., 2016) either find no influence of exhaust at all, or find the particles to be only
ice active in the cirrus cloud temperature regime. Additionally the trace gas (CO and
CO2) and the Proton-transfer-reaction mass spectrometry (PTR-MS; benzene and
toluene) measurements on board the Polar 5 do not point towards a contamination
with exhaust particles on the high INP days. The low levels of CO and CO2 (CO
lower than 155 ppbv and CO2 lower than 416.7 ppmv for most of the flight time)
also make long range transport from mid-latitudes unlikely on those days. The
low levels of acetonitrile throughout the campaign < 100 pmol mol−1 can especially
exclude significant contamination from biomass burning.
The shapes of the ice nucleation spectra of the three high INP samples, i.e. steep
slopes followed by plateau regions, are indicative for distinct INP populations close
to their source (Welti et al., 2018). This is in line with current literature, which
also tends to see local sources as the main contributor to N INP above −25 ◦C in the
Arctic (Bigg and Leck, 2001b; Creamean et al., 2018; Šantl-Temkiv et al., 2019;
Tobo et al., 2019; Wex et al., 2019). These studies attribute high ice activity to the
presence of biological INP. The shape and onset temperature of the ice nucleation
spectra is indicative for biological INP (Beydoun et al., 2017; O’Sullivan et al., 2018;
Welti et al., 2018), which suggests that also on the high INP samples of this study
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also biological INP are present. The heat treatment (95 ◦C for 1 h) of the high INP
samples lead to a reduction of ice activity of around 6 K at f ice= 0.1 (see Figure B.2
in the appendix). This confirms the presence of heat-labile INP, which suggests a
biological nature.
The samples from Mar 30 and Mar 31 are very similar in terms of their overall shape,
freezing onset and location of the plateau region, while their main difference lies in
the absolute concentration of INP. This is a clear indication that the sampled INP
populations are the same or at least very similar on both days. The sample from
Mar 25 differs from the other two high INP samples featuring a lower freezing onset
(−10.1 ◦C on Mar 25; −7.9 ◦C on Mar 30; −7.5 ◦C on Mar 31), a not so pronounced
plateau region, and a second steep increase in N INP, which follows shortly after the
plateau. This is indicative for, compared two the other two samples, different INP
being present.
In the following the origin(s) of the INP on the three high INP days are explored
and constrained.
The hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model with
GDAS1 meteorological fields was used to calculate back trajectories of the air masses
that were sampled along the flight track (Rolph et al., 2017; Stein et al., 2015). Ten-
day back trajectories were calculated for each track. Since aircraft measurements
cover wide ranges of longitudes, latitudes and altitudes, a single back trajectory
would not represent a sample adequately. Therefore multiple back trajectories per
flight and sample were calculated. The starting points of the trajectories were equally
distributed along the flight track. For the three high INP samples, Figure 3.5 shows
the back trajectories (three, five and ten days back; circles with a bluish tone fading
with age) and the flight track (black line) on top of the AMSR2 sea ice concentration
(Spreen et al., 2008) of the respective day.
Since the spatial uncertainty of the back trajectories grows rapidly over time (En-
gström and Magnusson, 2009; Harris et al., 2005; Kahl, 1993), the ten-day back
trajectories are presented only for completeness, while the further evaluation is
based on the five-day back trajectories. The back trajectories for the other flights can
be found in section B.4. On Mar 25 most of the back trajectories end in the Chukchi
Sea and run over the East Siberian Sea and Laptev Sea and then along the 85°N
parallel straight to the aircraft. On Mar 30 the trajectories end in the Beaufort Sea
and travel in parallel to the Northern coast of Canada to the Polar 5 aircraft. The
East Siberian Sea is the end region for the back trajectories on Mar 31, from there
they run across the North Pole straight to the aircraft. In general, the pathway of
the back trajectories is quite uniform for the individual flights on Mar 25, 30, and
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Fig. 3.5.: HYSPLIT back trajectories (three, five and ten days back; circles with a bluish tone
fading with age) along the flight track (black line) and the underlying AMSR2
sea ice concentration (Spreen et al., 2008) for every day with a high INP sample.
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31. However, except for the fact that they run almost exclusively over ice covered
sea and not over land, trajectories of the three samples differ considerably. When
also the height profile of the trajectories is considered, it can be seen that on Mar 30
and 31 most back trajectories start and reside for the majority of their travel time at
altitudes of a few 100 meters or below. Low back trajectories can also be found on
Mar 25, but not as low and frequent as on the other two high INP days.
The temperatures along the back-trajectories on the days with high INP were com-
pared to those of the low INP days (see Figure B.21 and Figure B.22 in the appendix)
to identify a possible difference between these two groups. The idea is that in an
air mass with a certain temperature (T air mass), the chance is increased that INP,
which are ice active at temperatures above T air mass are activated and removed from
the atmosphere during transport. Thus, the air mass may contain primarily INP
which can only nucleate ice at temperatures below T air mass, when it reaches the
collection site. However, it was found that for the high INP as well as the low INP
days, the majority of the air masses mostly featured a temperature of −23 ◦C, which
is far below the temperature at which the increased INP concentrations on the high
INP days (−15 ◦C and above) was observed. Therefore, differences in T air mass can
not explain the different INP concentrations. This result, along with the finding
presented in the previous paragraph that the spatial course of back trajectories is
not a clear indicator of the presence of the highly ice-active INP, suggests that in the
present study, air mass history is generally not a determining factor affecting the
sampled INP population. This is taken as further indicator that the highly ice-active
biological INP observed in this study originated from a regional source rather than
long-range transport.
Figure 3.6 reveals that the flights on the high INP days are characterized by very low
flights altitudes for extended amounts of time (Table B.1 summarizes various flight
characteristics). Especially Mar 30 and 31 feature very low average altitudes, since
the aircraft alternated between legs at 70 m and 170 m for most the flight because
of the sea ice thickness measurements performed on these days.
Figure 3.7 shows normalized histograms of the fraction of thin ice determined from
the surface type classification based on images of the surface taken directly beneath
the aircraft for the high INP days. This shows that high fractions of thin ice were
primarily present on the days when high INP concentrations were observed. Due
to the low temperatures, the thin ice was most likely newly formed, rather than by
thawing of thicker ice. Therefore it is probable the surfaces covered by thin ice are
refrozen leads that were open water surfaces shortly before. The sea ice thickness
flights on Mar 30 and Mar 31 corroborate this by showing the presence of up several
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Mar 25 Mar 30 Mar 31
<5000 m 100.0% 100.0% 100.0%
<2000 m 71.0% 72.0% 100.0%
<1000 m 53.4% 66.2% 96.7%
<500 m 38.6% 64.9% 95.4%
<300 m 36.6% 62.1% 95.1%






















Fig. 3.6.: Stacked bar plot of the sampling time in different height intervals. The corre-
sponding table shows the percentage of sampling time for which sampling took
place below a certain height.
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Fig. 3.7.: Histogram of the the fraction of thin ice for the flights with high INP concentrations
and the other flights with available sea ice fraction measurements (flight 3 on
Mar 26; flight 6 & 7 on Mar 28). Histograms are normalized.
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hundred meter long leads, where the sea ice thickness is below the accuracy of the
measurement (see section B.5). This confirms that on all high INP days open water
surfaces as potential source for INP were directly beneath the flight path of the
aircraft.
Open leads can act as a weak source for particles, which may become important
when other more dominant sources are not present. Also Rogers et al. (2001)
hypothesized about a biological INP source from open leads in close proximity, when
they observed high INP concentrations at low altitudes (ca. 100 m) over pack ice.
Recently, INP collected in the Arctic during summer were also connected to a marine
source, a phytoplankton bloom in this case, by Creamean et al. (2019). Impactor
samples which were also collected onboard the Polar 5 aircraft and subsequently
analyzed with TEM, contain high fractions of sea salt, which is a clear indicator for
a marine influence. Dust is also present on samples from all high INP days, but at
much lower concentrations compared to sea salt. In Table B.1, flight and sample
metrics, as well as results from TEM analysis are compiled for every sample.
For two probed filters (Mar 30 and Apr 2) aliphatic amines could be measured. The
measurement is limited to these samples as performing the analysis prevented the
conduction of the test for heat-labile INP. Aliphatic amines were detected in (blank
corrected) concentrations of 15.0 ± 1.2 ng m−3 (sum of dimethyl amine and diethyl
amine). Amines in the atmosphere can have various origins, however, their presence
in remote marine locations has been attributed to local marine, biogenic sources (Ge
et al., 2011). As dissolved gaseous compounds, they are released to the atmosphere
and form or condense on aerosol particles. Therefore, the presence of particulate
amines is not necessarily connected to INP that are potentially transferred to the
atmosphere during bubble bursting processes. However, the presence of aliphatic
amines in the Arctic in concentrations that are about three times higher compared
to e.g. ground-based aerosol particle amine concentrations in the tropical Atlantic
Ocean (van Pinxteren et al., 2019) suggests the presence of biological activity within
the Arctic Ocean in late winter.
Satellite remote sensing products can provide insight on the underlying surface
beneath the flight tracks and back trajectories. The AMSR2 sea ice concentration
data (Spreen et al., 2008) and the ArcLeads maps of open leads (Willmes and
Heinemann, 2015; Willmes and Heinemann, 2016) show that throughout the whole
investigation area large-scale cracks in the sea ice are present (Figure 3.5 and
section B.3). The sea ice in the region east of Villum in the Fram Strait displays
a higher degree of fragmentation compared to the region north of Villum. The
ArcLeads maps also reveal one of the prominent Arctic polynya, the Northeast Water
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polynya (approx. 81°N, 13°W, Preußer et al. (2016)), opening up and growing in
size, especially since Mar 20. It should be noted that the aircraft was never closer to
the polynya for longer than on Mar 25.
However, the existence of open water surfaces is only a sufficient condition for the
observation of high N INP, not a necessary or necessary and sufficient condition.
Therefore increased N INP are not observed on all twelve samples despite the fact,
that open leads are present to some degree on every day. Another point has to be
stressed: the source strength for INP in the Arctic is still unknown, as the sources
themselves are still in discussion. The discussed sources are likely to vary a lot and
the same applies to the known sources of INP in other regions (Creamean et al.,
2019; Welti et al., 2018).
Overall, the presented chain of thought is as follows: for high N INP on some flights,
no common air mass origin was indicated by back trajectories; on these days, samples
were taken at exceptional low flight altitude, numerous open leads directly beneath
and in the surroundings of the flight track and sea salt is present in collected aerosol
samples. This is highly suggestive for a local marine source of high temperature
biological INP in the Arctic, above 80°N, during late winter.
3.2.2 Summary
The INP measurements made during PAMARCMiP provide the first continuous ice
nucleation spectra of airborne INP in the Arctic. They also add valuable data to the
the very small pool of airborne INP measurements especially in late winter/early
spring. On three of twelve samples INP concentrations above those of the field
blanks were found. N INP above −15 ◦C were comparable to measurements in mid-
latitudes (Petters and Wright, 2015) and to Arctic airborne measurements, which
were taken at similar latitude and season (Borys, 1989). Shape (steepness) and
onset temperature of the freezing spectra for those days as well as the heat sensitivity
hint at biological INP from a local source. Trace gas and PTR-MS measurements
show that long-range transport and influence by the aircraft exhaust is unlikely. The
flights during which the high INP samples were taken feature low flight altitudes for
extended amounts of time. TEM analysis of co-located impactor samples supports a
marine influence for those flights. Due to the presence of numerous cracks, open
leads and polynyas in the sea ice of the investigation area, the ocean may provide
a source for biological particles in an environment, where terrestrial sources are
still shrouded in snow and ice. These results suggest the presence of a local marine
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source for high temperature biological INP in the Arctic, above 80°N, during late
winter.
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3.3 Ship-borne INP measurements during PASCAL
In the previous two sections it was shown that biological, heat-labile INP were found
in melt water from decade to century old Arctic ice cores, as well as on samples
collected on aircraft primarily within the Arctic Boundary Layer during winter. For
the latter also indications towards a marine origin of INP were identified. The study
presented in this section further investigates the ice nucleation ability of Arctic
aerosol particles, as well as fog, and sea water samples. The focus will be on the
ocean as a potential source of INP.
The study features ship-borne measurements conducted mainly in the European
Arctic north of Svalbard between late May 2017 and mid-July 2017. Besides the
sampling of aerosol particles onto filters, also samples from other environmental
compartments, namely the SML, BSW and fog, were collected. With this approach
the ice activity of the different compartments can be assessed and possible connec-
tions between them can be investigated. A main focus here is on the sea water
samples and their relation to the aerosol particles collected on the filters, because
it was found that the SML is highly ice active (Alpert et al., 2011a; Alpert et al.,
2011b; Bigg, 1996; Bigg and Leck, 2008; Irish et al., 2017; Irish et al., 2019b;
Knopf et al., 2011; Leck and Bigg, 2005; Schnell and Vali, 1976; Wilson et al., 2015;
Zeppenfeld et al., 2019). Especially marine bacteria and phytoplankton as well
as their fragments and exudates are thought to be the source for the INP. Even
connections to biologically driven processes like plankton blooms have been made
in recent lab and field studies (Creamean et al., 2019; McCluskey et al., 2018b;
McCluskey et al., 2017). Another recent publication by Kirpes et al. (2019) found
abundant locally produced sea spray aerosol even in wintertime and identified open
leads as the source. These aerosol particles had organic coatings originating from
exopolymeric secretions produced by sea ice algae and bacteria. And these in turn
are usually associated with the ice activity of the SML. The INP described in this
section are produced directly in the marine environment. However, Tobo et al.
(2019) and Creamean et al. (2020) also found highly ice active biological INP in
Arctic terrestrial environments, glacial outwash, and permafrost soils, respectively.
These terrestrial INP can be mobilized into rivers and the ocean, and thus even
terrestrial sources can contribute to the marine INP population.





























































Fig. 3.8.: Time series of N INP in the air at different T derived from filter samples with
LINA (−22 ◦C and above) and SPectrometer for Ice Nuclei (SPIN) measurements
(−26 ◦C and below). The bottom panel contains markers for the sample collection
times of the SML, BSW and fog water samples. The shaded areas indicate the
environment vessel is located (yellow = ice-free ocean; blue = within ice pack;
purple = marginal ice zone). The dark gray area indicates the period of the
case study discussed in section 3.3.1. Note that SPIN measurements were only
obtained beginning with May 31.
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3.3.1 Results & Discussion
INP concentration in the air
A time series of atmospheric N INP at selected temperatures derived from filter
samples and on-line measurements with SPIN is shown in Figure 3.8. The colored
areas, mark the periods when Polarstern was located in a certain environment
(yellow = ice-free ocean; blue = within ice pack; purple = marginal ice zone).
Overall N INP is the highest at the beginning of the campaign, in between both legs
at the harbor of Longyearbyen and upon entering the ice-free ocean again towards
the end of the second leg. The lowest concentrations occurred when the vessel
was within the ice pack. It can also be seen that at a given time, peaks appear or
disappear depending on temperature, indicating that different populations of INP
contribute at warmer or colder temperatures.
Figure 3.9 shows the N INP freezing spectra for the atmospheric filter samples mea-
sured with LINA (circle markers), as well as N INP(T) measured with SPIN (cross
markers). The color represents the environment in which the sampling took place,
based on the sea ice concentrations at the location of the Polarstern (yellow =
ice-free ocean; blue = ice pack; purple = marginal ice zone, MIZ). The MIZ is
defined as the transitional zone between open sea and dense ice pack. It spans from
15% to 80% of the sea surface being covered with ice. The area north of the MIZ
is classified as the ice pack and the area south of the MIZ as ice-free ocean. As the
filter samples were collected over the course of several hours on a often moving
vessel, the sample environment might change during sampling. In such cases the
sample was labeled according to the environment which accounts for most of the
sampling time. The range of N INP for mid-latitudes by Petters and Wright (2015) is
shown as gray shaded are for reference. Additionally, Figure C.10 in the appendix
shows a box plot of the very same filter samples, in order to emphasize the general
differences between the environments.
At any particular temperature N INP varies between two to three orders of magni-
tudes. The variability tends to be higher at warmer temperatures compared to colder
temperatures: At −10 ◦C N INP varies between 4 × 10−1 m−3 and 6 × 101 m−3, at
−17 ◦C between 4 × 10−1 m−3 and 1 × 102 m−3, and at −25 ◦C between 3 × 101 m−3
and 2 × 103 m−3. It can be seen that the majority of the samples are clustered around
a line ranging roughly from 1 m−3 at −15 ◦C to 4 × 103 m−3 at −30 ◦C. But also
highly ice active filter samples featuring N INP as high as 6 × 101 m−3 at −10 ◦C were
observed. These tend to be associated more often with the MIZ (purple symbols),
and at −15 ◦C also with the ice free ocean (yellow symbols) environment than
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with the ice pack (Figure C.10). These highly ice-active samples are described in
more detail in section 3.3.1. In comparison to the range of N INP from mid-latitudes
by Petters and Wright (2015), the filter derived N INP are lower for temperatures
below ca.−20 ◦C, but similar at warmer temperatures. For a given temperature N INP
measured with SPIN falls within the lower half of the N INP range by Petters and
Wright (2015), with the exception of the two lowest temperatures.
In Figure 3.9 it can be seen that some LINA-measured freezing spectra go up to
higher values (4 × 103 m−3) than others (ending at 1 × 103 m−3). The cause of this
lies in the measurement principle itself: DFAs only measureN INP per volume of water
in a certain concentration range determined by the specific setup configuration. With
the known volume of air sampled onto one filter, these concentrations per volume of
water are then scaled to atmospheric concentrations per volume of air. Differences
in V air result in different measurement ranges. During the field campaign, samples
were collected for 8 h or 2 h and since the flow rate is relatively constant, V air of the
8 h samples is about 4 times larger than of the 2 h samples, which causes also the
different reported ranges in atmospheric N INP as seen in Figure 3.9. It should also
be mentioned that the upper and lower ends of the freezing spectra shown in this
work only represent the limits of the detectable range and do not imply that outside
these limits no higher N INP or lower N INP existed.
The test for heat-labile INP (Figure C.6 and Figure C.7) demonstrates that ice activity
of the samples is reduced when heated for 1 h at 95 ◦C. Especially INP that nucleated
ice at temperatures above −16 ◦C disappeared after the heating. This is widely seen
as an indicator for the presence of biological, proteinaceous INP as those become
denatured during the heating, which reduces their ice activity (Conen et al., 2011;
Conen et al., 2012; Conen et al., 2017; Conen and Yakutin, 2018; Felgitsch et al.,
2018; Hara et al., 2016; Joly et al., 2014; Moffett et al., 2018; Hill et al., 2016;
Huang et al., 2021; McCluskey et al., 2018b; Kunert et al., 2019; Pouleur et al.,
1992).
In the previous section it was described that at warmer temperatures for example
at −10 ◦C, samples with high INP concentrations are found more often in the MIZ
and less frequently within the ice pack. In comparison, at the lower temperatures
measured with SPIN (cross markers in Figure 3.10) no correlation with the envi-
ronmental setting is found. However, in global context the level of N INP at these
low temperatures is remarkable by itself as shown in Figure 3.10. That figure shows
N INP in the Arctic at −32 ◦C measured with SPIN during PS106, but also SPIN
data by Welti et al. (2020) of a transect from Bremerhaven (Germany) to Cape
Town (South Africa) along the western coast of Africa. It is striking that at these
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Fig. 3.9.: All cumulative INP spectra derived from atmospheric filter samples measured
with LINA (circle marker), as well as N INP(T) measured with SPIN (cross marker).
The color code refers to the environment the sample was taken from (yellow =
ice-free ocean; blue = ice pack; purple = marginal ice zone). The majority of the
filter samples are clustered around a line which is shown as black dashed line.
The range of N INP for mid-latitudes by Petters and Wright (2015) is shown as gray
shaded are for reference. The blue areas depicts the 10% to 90% percentile range
of all pure MilliQ measurements with LINA (scaled to atmospheric concentrations
with the average sampled air volume of the 8 h samples).
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Fig. 3.10.: Map with color-coded N INP in the Arctic at −32 ◦C measured with SPIN during
PS106 and also SPIN data of a transect from Bremerhaven (Germany) to Cape
Town (South Africa) along the western coast of Africa (Welti et al., 2020).
low temperatures N INP in the Arctic are in the same order of magnitude as in the
outflow region of mineral dust from the Saharan desert. While there is no definitive
evidence that mineral dust was present at these colder temperatures during PASCAL,
to the author’s knowledge there are also no other known sources of INP that can
produce such high concentrations throughout the campaign period. Also, it was
recently shown by Sanchez-Marroquin et al. (2020) that Iceland can be a strong
Arctic dust source. Also Irish et al. (2019a) suggested that observed INP were
mineral dust particles originating in the Arctic (Hudson Bay, eastern Greenland,
northwest continental Canada), rather than particles originating from sea spray. And
global model transport simulations done by Groot Zwaaftink et al. (2016) show that
mineral dust is not only transported into the Arctic from remote regions but also,
possibly increasingly, generated in the region itself. However, it is also possible also
other sources of mineral INP contribute to the INP population at these temperatures.
E.g., diatoms represent a biogenic , but mineral source of INP, as they have a cell
wall made of silica (Xi et al., 2021). Therefore, it is likely that mineral INP, possibly
mineral dust contribute to N INP at low temperatures during the campaign.
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Fig. 3.11.: N INP in SML and BSW measured with INDA and LINA. Samples are categorized
according to the environment (ice-free ocean, ice pack, melt pond, marginal ice
zone) the samples were taken from. The gray box indicates the range of values
reported by Wilson et al. (2015) for the Arctic. The blue areas depicts the 10%
to 90% percentile range of all pure MilliQ measurements with INDA and LINA.
3.3 Ship-borne INP measurements during PASCAL 59
INP in surface micro layer and bulk sea water
Figure 3.11 shows N INP per volume of water in SML and BSW. Again, the color code
refers to the environment the sample was taken from (yellow = ice-free ocean; blue
= ice pack; purple = MIZ; green = melt pont). The gray box indicates the range of
values reported in an earlier study by Wilson et al. (2015) in the Arctic, albeit they
did not separate their samples into different environments.Additionally, Figure C.11
and Figure C.12 show box plots of the very same SML and BSW samples in order to
emphasize the general differences between the environments.
Both, SML and BSW show a high intersample variability. Concentrations for both
vary at least between 2 and 3 orders of magnitude at any temperature. Some
samples initiate freezing clearly above −10 ◦C (highest observed freezing onset was
at −5.5 ◦C), while for other samples, freezing starts only at temperatures below
−15 ◦C. It is worth mentioning that the concentration range of INP reported by
Wilson et al. (2015) is not directly comparable to the measurements presented here,
because due to a different measurement setup they have different limits of their
detectable range. Nevertheless, it can be seen that their SML samples contain up to
two orders of magnitude higher concentrations of INP ice active at high temperatures
(above ca. −10 ◦C).
Interestingly, some of the samples stand out, i.e., feature significantly higher ice
activities at a certain temperature than the majority of the samples (see Figure 3.11).
The black dashed line in Figure 3.11) roughly separates the the samples into those
who stand out (above the line) and the rest of very similar samples (below the
line). It is noticeable that SML samples from the known biologically active MIZ,
belong mostly to the group of samples that stand out from the rest. Also the
overall most active SML sample originates from the MIZ and its connection to the
corresponding atmospheric filter samples is discussed in more detail in the case
study in section 3.3.1. The high variability of the INP concentrations in SML and
BSW is a clear hint towards the sporadic occurrence of INP in these compartments.
The SML has been found to be enriched in particulate organic matter and surface-
active substances compared to the underlying bulk seawater, with enrichment factors
(EF) of up to 10 and 50 respectively being reported (Engel et al., 2017; Kuznetsova
and Lee, 2002). And, as described in the introduction, the SML is known to be highly
ice active. It is therefore an interesting question whether INP are also enriched
in the SML compared to BSW, and whether enrichment is a general feature in all
samples or whether it is restricted to certain situations. To answer this question, INP
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Fig. 3.12.: Enrichment factors for all pairs of SML and BSW samples (INDA measurements)
divided into separate panels by their environmental setting. Larger markers
correspond to the pairs of samples for which either the SML or the BSW sample
stands out in terms of ice activity.
enrichment factors were calculated for the SML, based on pairs of SML and BSW





Figure 3.12 depicts the calculated EFs at selected temperatures. It can be seen that
the majority of SML samples are enriched in INP compared to the underlying BSW.
The majority of EFs falls into the range between 1 and 10, with only four occurrences
of higher values and the highest of 94.97. There are seven occurrences of EF = 1
and only one of EF ≤ 1. This result is similar to Wilson et al. (2015), who only
observed enrichment and no depletion of INP in the SML. On the other hand the
study by Irish et al. (2017) also reports few cases of INP depletion in the SML. But,
as Gong et al. (2020) pointed out, direct comparisons of EFs between different
studies are are difficult since methodological differences might be of importance.
The larger markers in Figure 3.12 indicate samples where the SML showed signif-
icantly higher ice activity compared to the others, i.e., higher INP concentrations
(see above). Interestingly, almost exclusively the highly ice active SML samples are
the samples which feature the highest EFs, suggesting that enrichment could be an
important factor in controlling SML ice activity.
Filtrations of ten randomly selected SML and twelve BSW samples were created
and analysed for N INP to find indications concerning the size of the INP present in
the samples. The samples were filtered with 0.2µm PTFE syringe filters (Puradisc
25, Whatman). While the individual sample was chosen randomly it was ensured
that all sample environments (ice-free ocean, ice pack, melt pond, marginal ice
zone) were considered. Figure 3.13 shows a scatter plot of the T10 values, i.e., the
temperature where 10% of the droplets are frozen, of the filtered and unfiltered
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Fig. 3.13.: Comparison of filtered and unfiltered SML and BSW samples. Shown are the
T10 values for corresponding samples. Symbols below the 1:1 line indicate that
the filtered sample is less ice active.
samples. If a sample falls below the 1:1 line it indicates that the filtration reduced
the ice activity and the distance to the 1:1 line in x-direction is a measure of how
strong the reduction in ice activity is. The complementary plots of the T50 and T90
can be found in the appendix (Figure C.2 and Figure C.3). Throughout all samples a
reduction of the freezing temperatures can be seen due to filtrations. Also, the more
ice active the unfiltered sample was, the larger the shift towards lower temperatures
tends to be (see Figure C.4 in the appendix). The most ice active sample shifted
by around 5°C, while those with lower initial ice activity only are decreased by
approximately 2°C. This clearly indicates that a high fraction of the INP are larger or
at least associated with particles larger than 0.2µm.
INP in fog water
Analogous to the SML and BSW samples, N INP was also determined in samples of
collected fog water. At −10 ◦C N INP is between the lower limit of the detectable
range of 2 × 102 L−1, and 2 × 104 L−1. At −15 ◦C N INP between 6 × 102 L−1 and
the upper limit of the detectable range, 9 × 104 L−1, were observed. At −20 ◦C
values between 1 × 104 L−1 and the upper limit of the detectable range, 9 × 104 L−1
were found. 14 fog samples (63.6% of all fog samples) have a freezing onset
above −10 ◦C suggesting the presence of biological INP as mineral dust only starts
to contribute to the INP population at temperatures below −15 ◦C (e.g. Murray
et al., 2012; O’Sullivan et al., 2018). The highest freezing onset of any sample was
observed in the fog water sample WW5 at −3.47 ◦C. The samples are divided into
two groups by a clearly recognizable gap. The occurrence of these two groups could
not directly be related to meteorological parameters. However, as will be discussed
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Fig. 3.14.: N INP in fog water samples measured with INDA. The teal and orange polygons
show the range of values observed by Joly et al. (2014) and Gong et al. (2020)
respectively.
in section 3.3.1, the group of more ice active fog samples may be associated with
the more ice active atmospheric filter samples.
In general the fog samples tend to be more ice active and show higherN INP at a given
temperature than the seawater samples presented in section 3.3.1. A qualitatively
similar observation was already made by Schnell (1977). For seawater samples
they collected near Nova Scotia (Canada) they found that some of the samples were
very ice active, although the majority of their seawater samples contained no INP
active at temperatures warmer than −14 ◦C. On the other hand half of their fog
water samples were ice active at temperatures above −10 ◦C with the most ice active
sample initiating freezing at −2 ◦C. Schnell (1977) also described that they found
N INP in seawater, fog and air to vary independently from each other. An observation
that also largely applies to this study, but a more detailed investigation of the relation
between N INP in the different compartments is presented in the following sections
(3.3.1 and 3.3.1).
The N INP(T) of fog water in the present study is similar to what Gong et al. (2020)
found in cloud water samples on the Cape Verde Islands, but tends to be lower than
what was observed by Joly et al. (2014), who measured at Puy de Dôme (France)
and reported a correlation between high concentrations of biological particles and
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INP concentrations. However, the main freezing onset temperature of around −6 ◦C
is almost identical in the three studies.
Connecting INP in clear or fog-free air to fog samples





















fog water derived INP
filter samples
Fig. 3.15.: Fog water derived N INP in air. N INP was derived from Equation 3.2 and Equa-
tion 3.3 with the median NCCN(SS=0.15%) during the time of each fog sample
and an average droplet diameter (ddrop) of 17µm. The error bars show the
range with ddrop of 12µm and 22µm respectively. See section 3.3.1 for details
on the derivation method.
In this section, the N INP in fog water samples is connected to and compared with
those measured in fog-free air (see section 3.3.1). The applied procedure was first
introduced in Gong et al. (2020), which is briefly described in the following. The
number concentration of CCN (NCCN) at a particular supersaturation (SS) is used as
proxy for the fog droplet number concentration. Furthermore, Gong et al. (2020)
made the legitimate assumption, that all INP act as CCN. Together with an estimated
fog droplet diameter (ddrop), the volume of fog water per volume dry air, LWCfog,
can be calculated as follows:
LWCfog = NCCN ∗ π/6 ∗ d3drop (3.2)
For determining NCCN a SS needs to be defined. Since fog, unlike clouds, is charac-
terized by low updrafts, SS is also typically low (0.02% - 0.2% Pruppacher and Klett,
2010). Thus, NCCN measured at SS = 0.15% is chosen as a proxy for the droplet
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number concentration. Please note that NCCN measured at SS = 0.1% is not used,
because after the removal of data points due to quality assurance, the data coverage
for SS = 0.15% is significantly better than for SS = 0.1%.
Remote sensing studies of Arctic cloud droplets sizes report typical diameters be-
tween 14µm and 20µm (Bierwirth et al., 2013; Shupe et al., 2001; King et al., 2004)
and in-situ observations found values between 14µm and 22µm. Hence, 17µm is
used as an average ddrop and varied between 14µm and 22µm in order to derive
error bars. With that a range of LWCfog calculated, which then is further used to
derive the INP number concentration in air, N INP,air, based on the INP concentration
in fog water, NINP,fogwater:
NINP,air = LWCfog ∗NINP,fogwater (3.3)
Figure 3.15 depicts N INP as determined from the clear air filter samples with gray
symbols and the ones derived from the fog water samples in yellow. Overall,
measured and derived N INP are in good agreement. Unfortunately, as multiple
atmospheric filter samples were taken during the collection time of a single fog
sample, an unambiguous attribution of a filter to a fog sample is difficult. Therefore,
only the semi-quantitative observation that the freezing spectra of the most ice-active
atmospheric filter samples and the spectra derived from the most ice-active fog water
samples show similar shapes can be reported here, with the shapes themselves and
the onset of freezing at temperatures above −10 ◦C suggesting the presence of
biological INP. This clearly points at the same or at least similar, partly biological INP
populations being present in both, fog droplets and atmospheric aerosol particles.
Also Gong et al. (2020) found general agreement between N INP in the air and N INP
derived from, in their case, cloud water samples. They further observed that highly
ice active particles are activated into cloud droplets during cloud events and then
can be found in the cloud water. It is likely that a similar process occurs during the
fog events of the PASCAL campaign.
It should be noted that if NCCN changes significantly during the sampling time of
the respective fog sample, the fog-derived atmospheric N INP is directly affected.
Such an instance can be seen in the lowest fog-derived INP spectra in Figure 3.15,
where the low average NCCN lead to a deviation of around one order of magnitude
in comparison to the atmospheric sample. In section C.9 the fog water derived N INP
are shown for an extrapolated value of NCCN at SS = 0.02%. With that value, the
agreement between the filter and fog derived N INP is reduced, nevertheless both
still overlap by one to almost two orders of magnitude. A linear extrapolation to
such low supersaturations has large uncertainties, hence it should be only seen as
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an estimate for the lower boundary of the presented derivation method of N INP in
air from fog water samples.
Connecting atmospheric INP to sea spray



















SSA derived INP (SML)
SSA derived INP (BSW)
Filter samples
Irish et al. (2019, sea spray NINP derived from SML and BSW)
Gong et al. (2020, sea spray NINP derived from SML and BSW)
Fig. 3.16.: Sea spray derived atmospheric N INP (red symbols = derived from SML samples;
blue symbols = derived from BSW samples; measurements with INDA and LINA).
The gray symbols show the filter derived atmospheric N INP. The orange and
purple polygon indicates the range of SSA derived N INP by Irish et al. (2019b)
and Gong et al. (2020) respectively. Samples from melt ponds are excluded.
In order to assess the ocean as possible source of atmospheric INP, potential atmo-
spheric N INP are derived by virtually dispersing the characterized seawater samples
as sea spray (Irish et al., 2019b; Gong et al., 2020). This thought experiment can be
paraphrased as follows: If the seawater samples including all their INP would be
directly dispersed into the air, scaled by the measured relation between salt in the
air and in the water, what would be the resulting N INP in the air?
For this approach the amount of NaCl present in the atmospheric aerosol particles
(derived from chemical analysis of Berner impactor samples) in relation to the
amount of NaCl present in the seawater is used as a scaling factor to translate
N INP
seawater into atmospheric N INP. In this simple model, no enrichment of INP is
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accounted for in the course of sea spray production. The sea spray derived INP




∗N seawaterINP , (3.4)
where [NaCl]mass, air, and and [NaCl]seawater are the mass concentrations of sodium
chloride in corresponding air and seawater samples, respectively. [NaCl]mass, air
varied between 0.04µg m−3 to 1.9µg m−3 during the campaign with an average of
0.48µg m−3. The average [NaCl]seawater of all SML and BSW samples is 32.5 g L−1
with actual concentrations varying between 25.7 g L−1 to 34.5 g L−1. [NaCl]seawater
was derived from the salinity of the samples with the simplifying assumption that
NaCl is the only salt in the sea water. This assumption is justified as non-NaCl salts
represent only minor constituents of the sea water. Samples from melt ponds are
excluded here and also in the following as they are mostly fresh water and therefore
not suited for this approach that is based on NaCl concentration.
Figure 3.16 shows atmospheric, filter-derived N INP in gray and the sea spray de-
rived N seaspray,airINP (red symbols correspond to SML samples and blue ones to BSW
samples). As can be seen, N seaspray,airINP falls mostly in the range between 10
−6 m−3
and 10−1 m−3, which is approximately 3 to 5 orders of magnitude lower than the
atmospheric N INP derived from the atmospheric filter samples. The lower end of the
derived concentration range 10−6 m−3 is also roughly three orders of magnitude
lower than the lower end of the range reported by Gong et al. (2020), who sampled
near the subtropical islands of Cape Verde during late summer, and Irish et al.
(2019b), who measured in the Canadian Arctic during early summer. These differ-
ences could be due to the geographical settings of the samples being vastly different,
even for the Arctic measurements by Irish et al. (2019b). Irish et al. (2019b) sampled
comparatively close to shore, mainly in Nares Strait and Baffin Bay in summer when
there was no extensive sea ice cover, while in the present study the samples were
mostly collected within the pack ice or in the marginal ice zone (MIZ), hundreds of
nautical miles from major land masses. But even if the ranges given in Gong et al.
(2020) and Irish et al. (2019b) are considered, the atmospheric filter-derived N INP
are still orders of magnitude higher than any sea spray derived N INP. This indicates
that sea spray aerosol as sole source is not sufficient to explain atmospheric N INP
without significant enrichment of INP during sea spray production. A thorough
search of the relevant literature yielded no result on the enrichment of INP in sea
spray aerosol (SSA). However, studies about the enrichment of organic matter exist.
Enrichment factors of 104 to 105 (in relation to mass) are reported for submicron
SSA (Keene et al., 2007; van Pinxteren et al., 2017) and 102 for supermicron SSA
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(Quinn et al., 2015; Keene et al., 2007). In the absence of information on the size
of INP, other than that they are larger than 0.2µm, it is not possible to say what
enrichment factor would be a reasonable assumption with respect to INP, but the
above literature suggests that there are processes that can produce sufficiently high
enrichment factors for at least for some substance classes. But it should be also
noted, that the laboratory study by Ickes et al. (2020) did not find a correlation
between total organic carbon content of algal culture samples and the freezing of
the sample. The same study confirmed that the transfer of ice nucleating material
from the seawater to the aerosol phase can indeed happen. Therefore a marine
source for the INP in the Arctic atmosphere is possible, but considerable enrichment
of INP during the transfer from the ocean surface to the atmosphere would have to
take place.
Case Study
In section 3.3.1, it was shown that INP concentrations are different in the ice free
ocean, within the ice pack, and close to land, while the following will demonstrate,
that merely the proximity to land does not make marine INP sources inferior to
terrestrial ones. To elucidate this, a period of several filter sampling intervals is
considered that occurred at a time when both atmospheric and INP concentrations
in the SML were at their highest. This happened close to Svalbard and in the vicinity
of the ice edge, which makes the situation even more interesting.
The overall most ice active SML sample, SML37, was taken on July 15th, 10:50,
and is highlighted in Figure 3.17 (lower panel, light blue symbols). It occurs at the
beginning of the sampling period of LV194, the second most ice active atmospheric
filter sample (Figure 3.17, upper panel, blue symbols). A number of atmospheric
samples collected before and after sample LV194 are also shown. Most of theN INP(T)
spectra from these samples have a very similar overall shape, featuring a fairly steep
increase at temperatures above −10 ◦C, followed by a plateau region between
ca.−10 ◦C and −21 ◦C and another, but less steep increase below −21 ◦C. Such a
behaviour is indicative for the presence of distinct INP populations. Additionally, the
INP active at these warmer temperatures are likely biological and proteinaceous as
indicated by heat tests described in section 3.3.1.
Temperature range and slope of, e.g., the initial increase in the temperature spectra
are somewhat characteristic for the INP prevailing. In other words, similar slopes
in similar temperature ranges observed for atmospheric and SML samples could be
indicative for similar INP being present in both compartments (Knackstedt et al.,




















Slope at higher T (fitted for LV195):
-1.9429




LV190 (14.7. 8:17 - 10:17)
LV191 (14.7. 10:17 - 18:17)
LV193 (15.7. 02:17 - 10:17)
LV194 (15.7. 10:17 - 18:17)
LV195 (15.7. 18:17 - 16.7. 02:17)
LV196 (16.7. 02:17 - 10:17)
LV197 (16.7. 10:17 - 18:17)
LV198 (16.7. 18:17 - 17.7. 02:17)
LV199 (17.7. 02:17 - 10:17)
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Fig. 3.17.: a) Filter samples measured with LINA. Samples that were collected during the
period of the case study are shown in color, while all other samples are shown
in gray. Exemplary fits for the slopes at lower and higher temperatures for case
study related samples are shown as orange and blue line respectively. The black
dots depict the mean freezing spectrum of the field blanks scaled to atmospheric
concentrations with the mean sampled air volume of the 8 h filter samples. b)
SML samples measured INDA. The sample that was collected during the period
of the case study is shown in color, while all other samples are shown in gray. As
in a) the fits of the slope are shown as orange and blue line.
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2018). As shown in Figure 3.17, the slope of the atmospheric samples at T = −10 ◦C
(linear fit on logarithmic axis) is -1.94, while the slope of the SML sample at
T > −8.2 ◦C is -1.38. The difference in these slopes is too large to unambiguously
attribute both samples to the same INP species, and too small to reject the possibility.
In other words, the similarities in the spectra (temperature range and slopes) at
the high freezing temperatures do not prove but can be taken as a hint at similar
INP being present in both the atmosphere and the SML. It is also apparent that the
less steep slope at lower temperatures (T < -−8.2 ◦C) of that SML sample has no
counterpart in the atmospheric samples. If the atmospheric INP active above −10 ◦C
would originate from the ocean, this suggests that the aerosolization process might
be different for different INP species. Furthermore, it is possible that the INP flux
is the other way around, i.e. INP from the atmosphere are deposited into the SML.
However this is highly speculative and needs further research.
To further elucidate the possible relationship between atmospheric INP and INP
in the SML, additional available aerosol-related and meteorological information is
considered below.
The highly ice active sample discussed above, SML37, was taken during a period
(approx. 14.07. 18:00 to 15.07. 19:30) which, as can be seen in Figure 3.18
was characterized by a monomodal particle size distribution and, compared to
the periods before and after, increased total particle number (N total,panel b) and
CCN (NCCN, panel c) concentrations. In panel d) it can be seen that during this
period the wind speed decreased significantly and the wind direction changed
slowly from around 240° to 175°. Furthermore, during the collection times of
the filter samples LV194 and LV195 increased Chlorophyll-a concentrations were
measured by the vessel’s Ferrybox system (panel e)). The elevated Chlorophyll-a
concentrations may indicate enhanced biological activity like a phytoplankton bloom
in the vicinity of the vessel during the collection time of the samples LV194 and
LV195. Interestingly, the Chlorophyll-a concentration of the highly ice active sample
SML37 itself is not unusually high (0.24 µg/L Bracher, 2019). This may have two
main reasons. Firstly, while Chlorophyll-a is an indicator for biological activity, not
all marine microorganisms contain Chlorophyll-a. Secondly, since Chlorophyll-a
itself is not the INP, a correlation is not necessarily to be expected. Also as described
in Zeppenfeld et al. (2019) and the references within, the release of ice active algal
exudates may be a feature of decaying plankton blooms. Hence the peak in biological
activity, indicated by the Chlorophyll-a concentration, may be already over, when
the peak concentration of ice active substances occurs. Lastly, panel f) in Figure 3.18
shows N INP measured with SPIN. Similar to the filter derived N INP, also the INP

















































































































































































Fig. 3.18.: Aerosol measurements and other relevant parameters during the period of
the case study. Shown are a) the particle number size distribution, b) the total
particle concentrations N total, c) cloud concentration nuclei concentration, NCCN,
for 6 different supersaturations, d) 10-minute averages of wind direction and
wind speed, e) Chlorophyll-a concentration measured by the Ferrybox system
of the Polarstern, and f) the INP concentration, N INP, measured with SPIN at
different temperatures (color-coded). The arrows in panel b) indicate where
total particle concentrations are higher than the axis limit. The colored shaded
areas mark the periods of where the filter samples were collected. The respective
sample ID is shown on top. The black vertical line marks the collection time of
the SML sample SML37
.
3.3 Ship-borne INP measurements during PASCAL 71
measurements with SPIN remain fairly constant during the period of the case study
and no correlation with the other parameters shown in Figure 3.18 can be seen.
To broaden the perspective beyond the aforementioned measurements at the position































Fig. 3.19.: Hourly 3-day back trajectories (50 m arrival height) for the collection time of
the filter samples LV190 to LV199. The color code shows to which sample the
trajectory belongs (consistent with Figure 3.17 and Figure 3.18). The SSMIS
sea ice concentration with emphasized ice edge on 15 July 2017 is also shown
(Sea ice concentration product of the EUMETSAT Ocean and Sea Ice Satellite
Application Facility).
In Figure 3.19 the hourly 3-day backtrajectories (50 m arrival height) for the entire
period depicted in Figure 3.18 are shown. The color code indicates into which collec-
tion time, i.e., sample the respective trajectories fall (corresponding to background
colors used in Figure 3.18). The trajectories can be categorized into four clusters.
The first cluster consists of the trajectories belonging to the samples LV190 and
LV191 (orange and purple). These trajectories travel mostly over the ice pack north
of Svalbard and have no connection to land. The second cluster comprises of the
samples LV193, LV194 and LV195 (red, blue and green), for which the air masses
were at the East coast of Greenland before traveling along the ice edge and South of
or over Svalbard, before reaching the ship. While CCN and INP number concentra-
tions were elevated during the phase indicated by the red and blue trajectories, the
phase connected to the green trajectory coincides with a strong lowering of CCN
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but still high INP concentrations. The third cluster, which consists of the samples
LV197 and LV198 (yellow and brown), came from the same direction as the second
cluster, but made an additional loop towards the East and back, for which it took
about 1 day. For these, N INP were still high, with medium high concentrations of
NCCN and N tot during the yellow phase. Unfortunately, aerosol characterization
measurements were no longer continued after that time. The trajectories of the
fourth cluster (LV198 and LV199; pink and cyan) come from the South and had
contact with the Norwegian coast 1-2 days prior to their arrival at the Polarstern.
Additionally, Figure C.5 in the appendix shows a map of the wider investigation
area together with satellite measurements of Chlorophyll-a concentrations and the
backtrajectories, where it can be seen that biological activity can be found in the
region.
These findings are a strong indication that a local and likely marine source was
present during the case study. Seemingly this is in contradiction to the results
gained from the analysis of sea-water as presented above, unless a significant
enrichment of INP takes place during the aerosolization of seawater and/or SML
material. In other words, there is a strong need for gaining knowledge concerning
the mechanisms of aerosolization and resulting fluxes of INP and related species at
the ocean-atmosphere-interface.
3.3.2 Summary
In the present study results of INP-related investigations carried out during a two
month cruise (May - July, 2017) on the RV Polarstern in the Arctic are shown. Four
different compartments, i.e., air, fog water, sea surface microlayer and bulk seawater
were sampled. Concerning air sampling, throughout the whole cruise, 8 hour filter
samples for off-line INP analysis in the TROPOS laboratories were taken and a
continuous flow diffusion chamber provided online INP data. Fog samples were
collected on an event basis, while samples from the SML and the bulk seawater were
taken daily.
In the air, INP that are active between −7 ◦C and −38 ◦C over a concentration range
from 4 ∗ 10-1 m-3 to 1 ∗ 108 m-3 were found. In general N INP was at the lower end of
N INP range known from mid-latitudes or even lower. The time series of atmospheric
N INP derived from filters show that N INP was low when the ship was located beyond
the ice edge within the ice pack. Higher concentrations were observed outside the
ice pack in the MIZ and the ice free-ocean. The highest INP concentrations occurred
between both legs of the expedition, when Polarstern was near Longyearbyen harbor
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and when the vessel cruised along the MIZ at the eastern coast of the Svalbard
archipelago at the end of the second leg. For most of the air samples freezing
was initiated below −16 ◦C, however some samples featured freezing onsets at
warmer temperatures of up to −7 ◦C. Heat tests suggest the presence of biological,
proteinaceous INP at temperatures above −16 ◦C. At −32 ◦C the Arctic N INP in the
same order of magnitude as in the outflow region for mineral dust from the Saharan
desert west of Africa are observed, which indicates that at these low temperatures
dust is an important INP even in the Arctic.
SML samples from the biologically active MIZ have a higher fraction of highly ice
active samples than the other ocean compartments (ice-free ocean, ice pack, melt
pond). In general, few highly ice active samples stand out against the other samples.
Except for one case, the SML was found to be weakly to significantly enriched in
INP compared to the underlying BSW. The enrichment factors (EF) varied between
close to 1 and 94.97 at −15 ◦C. The most enriched samples featured the highest ice
activity in the SML samples.
From the INP concentration in the fog water and the measured CCN number concen-
trations, potential N INP in the air were derived.These were compared to the directly
measured N INP and good agreement was found. This indicates that the same, or
at least similar, INP populations were present in corresponding fog water and air
samples, suggesting that during fog events INP are activated to droplets and become
available as immersion nuclei inside the fog droplets.
Using the ratio of NaCl mass concentration in the air and in the seawater as a scaling
factor, it was assessed if atmospheric N INP can be explained solely by aerosolization
of SML and BSW material. At any given temperature the SML- and BSW-derived
N INP were 3 to 5 orders of magnitude lower than the N INP directly measured in air.
This clearly shows that aerosolization of SML or BSW material, without significant
enrichment of INP during aerosolization, does not suffice to explain N INP in air. In
other words, a marine source for the INP in the Arctic atmosphere is possible, but
enrichment of INP by several orders of magnitude during the transfer from the ocean
surface to the atmosphere has to take place.
In a case study a more deeply look into a scenario for which coinciding SML and
air samples were highly ice active was taken. The findings of case study can be
summarized as follows:
• The freezing spectra of atmospheric INP are similar in shape, i.e. a steep slope
at warm temperatures followed by an extended plateau region followed by
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less steep slope, indicating that during the case study similar atmospheric INP
populations were sampled.
• Heat tests indicate that INP active above −15 ◦C are biological and proteina-
ceous.
• The freezing spectra of atmospheric INP and INP from the SML feature similar
slopes at temperatures above −10 ◦C, suggesting a connection between both
compartments, which, however, as discussed above, would need a substantial
enrichment of INP during the sea spray production.
• Aerosol particle parameters show that clearly different air masses arrive at
Polarstern over the course of the case study.
• Backtrajectories indicate that sampled air masses have different regions of
origin and travel over different pathways towards Polarstern.
• Elevated Chlorophyll-a concentrations were observed for a short phase directly
at the position of Polarstern (Ferrybox) and also in the wider geographical
region in the week-long satellite composite. This indicates a high biological
activity in the investigation region.
This indicates that a local, biological, and probably marine source of INP being
present.
Altogether, the INP concentrations in air, fog water, SML and BSW are highly vari-
able, with a small number of cases featuring significantly enhanced ice activity. This
emphasizes the episodic, highly variable nature of INP as it was already described
decades ago by Bigg (1961). This puts a question mark to the appropriateness of pa-
rameterizations based on aerosol particle number in atmospheric models. Indications
for a local marine, biological INP source were found, however further investigations
are needed to gain quantitative knowledge concerning the aerosolization process
and the resulting INP fluxes at the interface between the atmosphere and the ocean
surface.
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Summary and Conclusion 4
In the framework of this thesis three studies on Arctic ice nucleating particle were
performed. In general these studies assessed the abundance of INP over the tempera-
ture range relevant for mixed-phase clouds as well as the nature of the INP (mineral
or biological) and their potential sources (terrestrial or marine; local or long-range
transport). As main analytical method, offline INP measurements with Droplet
Freezing Assays (DFAs) were carried out to derive the INP number concentration
at a certain temperature (N INP(T )), but on-line INP and other aerosol physical
measurements were carried out as well. The latter includes measurements of the
particle number size distribution, the total particle, and the cloud condensation nu-
clei concentration, as well as electron microscopic classification of aerosol particles.
The INP analysis was usually accompanied by heat-lability tests to determine the
nature of the INP, and air mass back trajectory analysis was used to find indications
towards potential INP sources.
In the first study, ice core samples were used for the first time to reconstruct atmo-
spheric INP concentrations for times before in-situ measurement or sampling of INP
was possible. This led to the first ever published time series of INP concentrations
over the last 500 years. The second study dealt with the first measurements of INP
north of 80°N in late winter from airborne samples collected during the PAMARCMiP
aircraft field campaign. Conclusions were drawn concerning the possible source
of INP contained in the most ice-active samples. In course of the third study, INP
measurements from the PASCAL ship campaign are presented. There the INP in dif-
ferent environmental compartments (SML, BSW, fog water and air) and the relation
between them were investigated. Examining all of these compartments allowed for
a more thorough assessment of the ocean’s potential as a source of INP. With the
results of these studies available, the research questions from the introduction are
revisited below.
• What are the historical concentrations of INP in the Arctic and do they show a
trend over the past centuries?
In general, N INP at a given temperature in samples from from 1480 CE to 1989 CE
varied in the same range as present-day observations. E.g., at −15 ◦C N INP varied
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between 4 × 10−3 L−1 to 2 L−1. At none of the selected temperatures a clear long-
term trend was found. The short-term variability in NINP, represented by the
sub-year samples is larger than long-term variation shown by the multi-year samples
indicating a high, probably seasonal, variability of INP sources and sinks.
• Are there indications towards the nature of the INP found in ice core samples
from the past century?
Several samples exhibit high N INP already at relatively warm temperatures (ca.
>−10 ◦C). The shape of the INP spectra of these samples hints of these at biological
INP since a step-like increase is indicative for those. Additionally, the studies by
Hicks and Isaksson (2006) and Brugger et al. (2019) show that birch (Betula) pollen,
is present in ice core samples from Lomonosovfonna and Summit.
• What is the abundance of INP sampled on an aircraft near cloud level in
wintertime?
Three of the total of twelve samples showed significantly higher N INP than their
respective field blanks. The common feature of those flights is a low flight altitude
for extended amounts of time. N INP of samples from those flights at e.g. −15 ◦C was
1.8 × 10−2 L−1 (Mar 25), 4.75 × 10−3 L−1 (Mar 30), and 6.95 × 10−3 L−1 (Mar 31).
In all other samples N INP at −15 ◦C was less than 1 × 10−3 L−1.
• Are there indications towards the origin and nature of the INP sampled on an
aircraft near cloud level in wintertime?
The shape and onset temperature of the freezing spectra, as well as the heat-lability
of samples with significantly higher N INP that the filed blanks, hint at biological
INP. For the respective flights, trace gas and PTR-MS measurements indicate that
long-range transport and influence by aircraft exhaust is unlikely, while TEM analysis
of co-located impactor samples supports a marine influence. These results suggest
the presence of a local, marine source for biological INP in the Arctic even during
late winter.
• What are the concentrations of INP near ground-level, in the seawater and in
the fog water during the Arctic melt season?
In general N INP near ground-level in the Arctic was found to be low in comparison
to mid-latitudes and only at temperatures above −15 ◦C and below −32 ◦C clearly
elevated concentrations were found. At any particular temperature N INP varied
between two to three orders of magnitudes: Specifically at −15 ◦C N INP was found
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to vary between 4 × 10−4 L−1 and 1 × 10−1 L−1.
The sea water samples, SML and BSW, show a high intersample variability. Con-
centrations for both vary at least between 2 and 3 orders of magnitude at any
temperature. Some samples initiate freezing clearly above −10 ◦C (highest observed
freezing onset was at −5.5 ◦C), while for most samples, nucleation starts only at
temperatures below −15 ◦C. At −15 ◦C, N INP of the SML samples span the complete
detectable range (2.1 × 102 L−1 to 9.1 × 104 L−1 water), while BSW samples only
show a maximum concentration of 3 × 103 L−1 water.
In the fog water samples N INP between 6 × 102 L−1 and the upper limit of the de-
tectable range 9.1 × 104 L−1 were observed. 63.6% of all fog samples have a freezing
onset above −10 ◦C. The highest observed freezing onset was at −3.47 ◦C.
• Is there a connection between the INP in seawater and in the air, and can INP
in seawater alone explain the atmospheric concentrations?
The potential of the ocean to be a source for atmospheric INP was assessed by virtu-
ally dispersing seawater samples as sea spray and deriving the resulting atmospheric
N INP. The N INP derived in this way are in the range between 10-6 and 10-2 m-3,
which is approximately 4 to 5 orders of magnitude lower than the actual atmospheric
N INP derived from filter samples. This indicates that a substantial enrichment of INP
must occur during the transfer from the ocean to the aerosol phase for the ocean to
be a significant source of INP.
• Are there indications towards the origin of the INP when high concentrations
in the air are observed?
A case study for a period of coinciding SML and air samples with high ice activity
at warm temperatures was conducted. During the 3-day case study period, air
mass changes occurred as indicated by changes in aerosol properties and back
trajectories. However, the air mass changes did not cause any changes in the
observed INP population. This points towards a local INP source rather than long-
range transport. Similarities in the temperature spectra of the air and SML samples
indicates that similar INP populations are present in both compartments. Heating
the air samples reduced the ice activity of the samples at warmer temperatures
(>−15 ◦C) significantly, but not at lower temperatures. Therefore it is likely that
these warm temperature INP are biological. All of the individual indicators together
suggest that a local biogenic marine source for warm temperature INP is present.
For colder temperatures like e.g. −32 ◦C, it was found that N INP is in the same order
of magnitude as in the heavily dust loaded ouflow region west of the Saharan desert.
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It is likely that at these temperatures dust is a significant part of the INP population
also in the Arctic.
To conclude and summarize: INP concentrations in Arctic are generally lower than
in mid-latitudes. And while they show high variability, they have been on similar
levels since the Little Ice Age in the 16th century. Exceptions occur at the warmer
temperatures (ca. above −15 ◦C) where high concentrations of INP can occasionally
be found. The freezing spectra corresponding to these exceptions indicate the
presence of distinct INP populations in those samples. The INP active in these cases
are biological. Strong indications towards local and marine INP sources were found.
However, without significant enrichment during the transfer from the ocean to the
aerosol phase, the INP in the sea water can not explain the INP concentration in the
air.
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Outlook 5
With the effects of Arctic Amplification becoming more visible in the past decades,
research activities in the Arctic and the understanding of the contributors to AA made
considerable progress. Despite that the Arctic is still severely understudied not only,
but also in terms of aerosol-cloud interaction including the abundance, properties
and sources of INP. Hence there are several aspects that should be considered in
future studies.
In this thesis the very first record of ice core-derived historical INP concentrations
was presented. However, this record contained only ice core samples from two
locations and also was not a continuous record throughout the whole 500 years.
Therefore future studies would use ice cores from other sites and would be con-
tinuous. Also higher temporal resolution, preferable down to the seasonal level,
would give valuable insights into the possibly different sources and nature of the
INP in summer and winter respectively. Jansen et al. (2020) showed that on a
geological time scale abrupt climate change events with warming rates similar to
the current Arctic warming occurred in the past. The latest of these abrupt warming
events happened ca. 11 000 years ago and hence is not covered by Hartmann et al.
(2019). If future studies on ice core-derived INP would include such warming events,
valuable conclusions on the evolution of INP during the current Arctic warming
could be drawn. Ideally such studies would include accompanying measurements
that allow to constrain nature and origin of the INP, such as the analysis of pollen
and microbial communities as well as the dust content.
That last point actually applies to all studies on INP, not just those on INP in ice
cores. Accompanying measurements of carefully selected parameters help to in-
crease confidence in the indications towards a particular source and can provide
a more accurate determination of the source than simply distinguishing between
marine or terrestrial.
In all of the three studies presented in this thesis it was found that high INP concen-
trations at warm temperatures were always related to the presence of biogenic INP.
With the projected global warming, biogenic particle source are likely to be on the
rise in the ocean and on land, making it imperative to bring biogenic INPs into the
focus of future investigations. This can be achieved with the aforementioned accom-
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panying measurements, but also the sample handling during the INP measurement
itself can be extended. E.g., the heat-lability tests could be performed mandatorily,
multiple levels of heating can give insights on the present biological compounds,
additional treatment with specifically protein-, polysaccharide- or lipid-destroying
chemical substances can narrow the list of possible sources even further.
The study on the INP measurements during the PASCAL cruise found predominantly
indications towards a marine source, but also showed that without significant en-
richment the INP in the sea water can not explain the concentrations in the air. This
makes it obvious that the production mechanisms of INP associated with SSA are
not yet fully understood. A combination of targeted field campaigns and laboratory
studies may help advance understanding of the processes taking place.
Lastly, it has to be kept in mind that INP are an aspect of aerosol-cloud interaction.
Hence, ground-based measurements will always have limited significance for the
actual processes at cloud level as certain meteorological processes may inhibit the
transport of aerosol particles from the surface to the cloud and promote entrainment
from above, or vice versa. Therefore, aircraft measurements have a huge potential
to advance our knowledge on INP in the Arctic.
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by Petters and Wright (2015) for present North America and Europe.
The shaded grayish area delineates a period of reduced Arctic sea ice
extent found by Kinnard et al. (2011) and shaded reddish areas show
intervals of particularly warm summers on Svalbard by D’Andrea et al.
(2012). The black vertical line indicates the period of the 1783 Laki
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List of Figures 111
3.4 Atmospheric INP concentrations, N INP, of all samples (dot symbols)
and corresponding field blanks (minus symbols) collected onboard the
Polar 5 aircraft. The samples which are clearly different from their
corresponding field blank are colored, while all others are gray. The
gray shaded area is the range of observed N INP by Petters and Wright
(2015). 95% confidence intervals were derived using the formula of
Agresti and Coull (1998). For visibility reasons only the confidence
intervals for the three high INP samples are shown. . . . . . . . . . . . 44
3.5 HYSPLIT back trajectories (three, five and ten days back; circles with
a bluish tone fading with age) along the flight track (black line) and
the underlying AMSR2 sea ice concentration (Spreen et al., 2008) for
every day with a high INP sample. . . . . . . . . . . . . . . . . . . . . 47
3.6 Stacked bar plot of the sampling time in different height intervals. The
corresponding table shows the percentage of sampling time for which
sampling took place below a certain height. . . . . . . . . . . . . . . . 49
3.7 Histogram of the the fraction of thin ice for the flights with high INP
concentrations and the other flights with available sea ice fraction
measurements (flight 3 on Mar 26; flight 6 & 7 on Mar 28). Histograms
are normalized. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.8 Time series of N INP in the air at different T derived from filter samples
with LINA (−22 ◦C and above) and SPIN measurements (−26 ◦C and
below). The bottom panel contains markers for the sample collection
times of the SML, BSW and fog water samples. The shaded areas
indicate the environment vessel is located (yellow = ice-free ocean;
blue = within ice pack; purple = marginal ice zone). The dark gray
area indicates the period of the case study discussed in section 3.3.1.
Note that SPIN measurements were only obtained beginning with May
31. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.9 All cumulative INP spectra derived from atmospheric filter samples
measured with LINA (circle marker), as well as N INP(T) measured with
SPIN (cross marker). The color code refers to the environment the
sample was taken from (yellow = ice-free ocean; blue = ice pack;
purple = marginal ice zone). The majority of the filter samples are
clustered around a line which is shown as black dashed line. The range
of N INP for mid-latitudes by Petters and Wright (2015) is shown as
gray shaded are for reference. The blue areas depicts the 10% to 90%
percentile range of all pure MilliQ measurements with LINA (scaled to
atmospheric concentrations with the average sampled air volume of the
8 h samples). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
112 List of Figures
3.10 Map with color-coded N INP in the Arctic at −32 ◦C measured with
SPIN during PS106 and also SPIN data of a transect from Bremerhaven
(Germany) to Cape Town (South Africa) along the western coast of
Africa (Welti et al., 2020). . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.11 N INP in SML and BSW measured with INDA and LINA. Samples are
categorized according to the environment (ice-free ocean, ice pack,
melt pond, marginal ice zone) the samples were taken from. The gray
box indicates the range of values reported by Wilson et al. (2015) for
the Arctic. The blue areas depicts the 10% to 90% percentile range of
all pure MilliQ measurements with INDA and LINA. . . . . . . . . . . . 59
3.12 Enrichment factors for all pairs of SML and BSW samples (INDA mea-
surements) divided into separate panels by their environmental setting.
Larger markers correspond to the pairs of samples for which either the
SML or the BSW sample stands out in terms of ice activity. . . . . . . . 61
3.13 Comparison of filtered and unfiltered SML and BSW samples. Shown
are the T10 values for corresponding samples. Symbols below the 1:1
line indicate that the filtered sample is less ice active. . . . . . . . . . . 62
3.14 N INP in fog water samples measured with INDA. The teal and orange
polygons show the range of values observed by Joly et al. (2014) and
Gong et al. (2020) respectively. . . . . . . . . . . . . . . . . . . . . . . 63
3.15 Fog water derived N INP in air. N INP was derived from Equation 3.2 and
Equation 3.3 with the median NCCN(SS=0.15%) during the time of
each fog sample and an average droplet diameter (ddrop) of 17µm. The
error bars show the range with ddrop of 12µm and 22µm respectively.
See section 3.3.1 for details on the derivation method. . . . . . . . . . 64
3.16 Sea spray derived atmospheric N INP (red symbols = derived from SML
samples; blue symbols = derived from BSW samples; measurements
with INDA and LINA). The gray symbols show the filter derived at-
mospheric N INP. The orange and purple polygon indicates the range
of SSA derived N INP by Irish et al. (2019b) and Gong et al. (2020)
respectively. Samples from melt ponds are excluded. . . . . . . . . . . 66
List of Figures 113
3.17 a) Filter samples measured with LINA. Samples that were collected
during the period of the case study are shown in color, while all other
samples are shown in gray. Exemplary fits for the slopes at lower and
higher temperatures for case study related samples are shown as orange
and blue line respectively. The black dots depict the mean freezing
spectrum of the field blanks scaled to atmospheric concentrations with
the mean sampled air volume of the 8 h filter samples. b) SML samples
measured INDA. The sample that was collected during the period of
the case study is shown in color, while all other samples are shown in
gray. As in a) the fits of the slope are shown as orange and blue line. . 69
3.18 Aerosol measurements and other relevant parameters during the period
of the case study. Shown are a) the particle number size distribution,
b) the total particle concentrations N total, c) cloud concentration nuclei
concentration, NCCN, for 6 different supersaturations, d) 10-minute
averages of wind direction and wind speed, e) Chlorophyll-a concen-
tration measured by the Ferrybox system of the Polarstern, and f) the
INP concentration, N INP, measured with SPIN at different temperatures
(color-coded). The arrows in panel b) indicate where total particle
concentrations are higher than the axis limit. The colored shaded ar-
eas mark the periods of where the filter samples were collected. The
respective sample ID is shown on top. The black vertical line marks the
collection time of the SML sample SML37 . . . . . . . . . . . . . . . . 71
3.19 Hourly 3-day back trajectories (50 m arrival height) for the collection
time of the filter samples LV190 to LV199. The color code shows to
which sample the trajectory belongs (consistent with Figure 3.17 and
Figure 3.18). The SSMIS sea ice concentration with emphasized ice
edge on 15 July 2017 is also shown (Sea ice concentration product of
the EUMETSAT Ocean and Sea Ice Satellite Application Facility). . . . . 72
A.1 Cumulative N INP spectra for all Lomo09 samples. Multi- and sub-year
samples are grouped together according to the set they belong to. LINA
measurements are indicated by dots, whereas crosses indicate INDA
measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
A.2 Cumulative N INP spectra for all EUROCORE samples. LINA measure-
ments are indicated by dots, whereas crosses indicate INDA measure-
ments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
114 List of Figures
A.3 Time series of N INP at −20 ◦C (panel A), −15 ◦C (panel B), and −10 ◦C
(panel C) for multi- and sub-year samples at both sites in temporal
proximity to the 1783 Laki eruption. Note that N INP at −20 ◦C and
−15 ◦C have been obtained with the LINA device, whereas N INP at
−10 ◦C has been measured with the INDA device. As a reference, black
dashed horizontal lines are included which show the range of values
observed by Petters and Wright (2015) for present North America and
Europe. The shaded grayish area delineates a period of reduced Arctic
ice extent found by Kinnard et al. (2011) and shaded reddish areas
show intervals of particularly warm summers on Svalbard by D’Andrea
et al. (2012). The black shaded area indicates the period of the 1783 CE
Laki eruption as defined in Fiacco et al. (1994). . . . . . . . . . . . . . 129
A.4 Correlation plot (Spearman coefficient) of the concentration of major
water soluble ions and certain chemical compound measured by Wendl
et al. (2015), and N INP at selected temperatures for the Lomo09 ice
core. Ac = acetic acid; Form = formic acid; MSA = methanesulfonic
acid; Ox = oxalic acid. The subscripts L and I at N INP(T ) indicate if the
N INP values were obtained with the LINA or INDA device, respectively. 131
B.1 Observed freezing spectra during PAMARCMiP and airborne Arctic
N INP(T ) from literature: Flyger et al. (1973), Flyger et al. (1976),
Borys (1989), Rogers et al. (2001), and Prenni et al. (2007a). . . . . . 133
B.2 Freezing spectra of heat treated (unfilled symbols) and non-heat treated
(filled symbols) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . 134
B.3 ArcLeads map for Mar 25 2018. Leads are in blue, artifacts in orange,
sea ice in white, land in gray, clouds in black and the open ocean in
dark blue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.4 ArcLeads map for Mar 30 2018. Leads are in blue, artifacts in orange,
sea ice in white, land in gray, clouds in black and the open ocean in
dark blue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.5 ArcLeads map for Mar 31 2018. Leads are in blue, artifacts in orange,
sea ice in white, land in gray, clouds in black and the open ocean in
dark blue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.6 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 2 on Mar 25 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 137
List of Figures 115
B.7 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 3 on Mar 26 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 138
B.8 HYSPLIT backtrajectories with the underlying DMSP SSMIS sea ice con-
centration Maslanik and Stroeve, 1999 for flight 5 on Mar 27 2018.The
back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 139
B.9 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 6 on Mar 28 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 140
B.10 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 7 on Mar 28 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 141
B.11 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 8 on Mar 30 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 142
B.12 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 9 on Mar 31 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 143
B.13 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 10 on Apr 02 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 144
B.14 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 12 on Apr 03 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 145
B.15 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 13 on Apr 03 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 146
116 List of Figures
B.16 HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice
concentration Maslanik and Stroeve, 1999 for flight 14 on Apr 04 2018.
The back trajectories are color coded: Back trajectories endpoints below
300 m are turquoise, those above are beige. . . . . . . . . . . . . . . . 147
B.17 Histogram of the thin ice length on Mar 30 2018 (flight 8). . . . . . . . 148
B.18 Histogram of the thin ice length on Mar 31 2018 (flight 9). . . . . . . . 148
B.19 Stacked bar plot of the sampling time in different height intervals. The
corresponding table shows the percentage of sampling time for which
sampling took place below a certain height. . . . . . . . . . . . . . . . 149
B.20 Scatter plot of the mean altitude versus sea salt number fraction of the
individual TEM samples. . . . . . . . . . . . . . . . . . . . . . . . . . . 151
B.21 Air mass temperature versus trajectory age with color-coded point
density (dark = low point density; bright = high point density) for high
INP days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
B.22 Air mass temperature versus trajectory age with color-coded point
density (dark = low point density; bright = high point density) for low
INP days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
C.1 Frequency distributions of meteorological parameters measured during
leg 1 (blue) and leg 2 (red) of PS106. Data from Schmithüsen (2018)
and Schmithüsen (2019) . . . . . . . . . . . . . . . . . . . . . . . . . . 155
C.2 Comparison of filtered and unfiltered SML and BSW samples. Shown
are the T50 values for corresponding samples. Symbols below the 1:1
line indicate that the filtered sample is less ice active. . . . . . . . . . . 157
C.3 Comparison of filtered and unfiltered SML and BSW samples. Shown
are the T90 values for corresponding samples. Symbols below the 1:1
line indicate that the filtered sample is less ice active. . . . . . . . . . . 157
C.4 Difference in T10 of filtered and unfiltered sample plotted against T10
of the unfiltered sample for SML and BSW samples. The dashed line
represents a linear fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
C.5 Map of chlorophyll-a measured by satellite and the Ferrybox system of
the Polarstern, along with hourly backtrajectories. Dots east of Svalbard
show the chlorophyll-a concentration measured by the Ferrybox sys-
tem for the time period when the peak in chlorophyll-a concentration
occurred (sampling period of LV194 and LV195). The chlorophyll-a
concentration measured by satellite (Aqua MODIS, NPP, L3SMI, Global,
4km, Science Quality, 2003-present, 8 Day Composite (July 8 to July
16)) is shown as well. The hourly backtrajectories are identical to the
Figure 3.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
List of Figures 117
C.6 Comparison of heated (red symbols) and unheated (blue symbols) filter
samples. The same samples have the same symbol. . . . . . . . . . . . 169
C.7 Box plot of the decrease in N INP after the heat treatment. Boxes
represent the 25% and 75% quartile. The horizontal line represents the
median and the green triangle the mean. The whiskers have the length
of 1.5 * IQR (interquartile range) and data points outside the range of
the whiskers is shown with diamond markers. . . . . . . . . . . . . . . 170
C.8 All cumulative INP spectra derived from atmospheric filter samples
measured with LINA. The color code shows whether it is a sample
with 8 h (blue) or 2 h (orange) collection time. The range of N INP for
mid-latitudes by Petters and Wright (2015) is shown as gray shaded are
for reference. The blue areas depicts the 10% to 90% percentile range
of all pure MilliQ measurements with LINA (scaled to atmospheric
concentrations with the average sampled air volume of the 8 h samples).172
C.9 Fog water derived N INP in air. N INP was derived from Equation 3.2
and Equation 3.3 with the extrapolated NCCN(SS=0.02%) during the
time of each fog sample and an average droplet diameter (ddrop) of
17µm. The error bars show the range with ddrop of 12µm and 22µm
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
C.10 Box plot of N INP at selected temperatures for the filter samples. The
horizontal line represents the median and the green triangle the mean.
The whiskers have the length of 1.5 * IQR and data points outside the
range of the whiskers is shown with diamond markers. . . . . . . . . . 174
C.11 Box plot of N INP at selected temperatures for SML samples. The hori-
zontal line represents the median and the green triangle the mean. The
whiskers have the length of 1.5 * IQR and data points outside the range
of the whiskers is shown with diamond markers. . . . . . . . . . . . . 175
C.12 Box plot of N INP at selected temperatures for BSW samples. The
horizontal line represents the median and the green triangle the mean.
The whiskers have the length of 1.5 * IQR and data points outside the
range of the whiskers is shown with diamond markers. . . . . . . . . . 175
118 List of Figures
List of Tables
A.1 Compilation of the Lomo09 samples used in this study, their respective
ages and depths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
A.2 Compilation of the EUROCORE samples used in this study, their respec-
tive ages and depths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
A.3 Test statistic W and p-value from the Shapiro-Wilk test for normality of
log(NINP ) at different temperatures for the Lomo09 samples. p ≤ 0.05
is marked bold, which indicates there is a 95% probability that the data
tested are not from a normally distributed population. . . . . . . . . . 130
A.4 Test statistic W and p-value from the Shapiro-Wilk test for normality
of log(NINP) at different temperatures for the EUROCORE samples.
p ≤ 0.05 is marked bold, which indicates there is a 95% probability that
the data tested are not from a normally distributed population. . . . . 130
B.1 Flight and sample metrics, as well as the number fractions of the four
aerosol categories and the total number of particles analyzed with TEM
for every sample. The high INP samples are highlighted in bold. . . . . 150
B.2 Sampling date, time and mean altitude for the individual TEM samples
collected during the flights. . . . . . . . . . . . . . . . . . . . . . . . . 151
C.1 Information on the filter samples collected during PS106 including
sample ID, start and end date/time of sample collection, and the INP
measurement related parameters V drop, V wash and V air. . . . . . . . . 161
C.2 Information on the seawater samples including sample ID, sample
collection date and time, latitude and longitude, the environment the
sample was taken from, and the freezing point depression (FPD; in ◦C)
the INP measurements were corrected for. . . . . . . . . . . . . . . . . 166
C.3 Information on the fog samples including sample ID, start and end






INP measurements on Arctic
ice core samples
A
A.1 Sample list with age and depth
A list of all samples with their respective sample ID, age and depth range, and
category is given in Table A.1 and Table A.2.
Tab. A.1.: Compilation of the Lomo09 samples used in this study, their respective ages and
depths.
Sample ID Age CE from Age CE to Depth from (m) Depth to (m) Category
T057 1949.91 1948.41 38.65 39.23 multi-year
T057.1 1950.67 1950.53 38.20 38.28 sub-year
T057.2 1950.53 1950.41 38.28 38.36 sub-year
T057.3 1950.41 1950.26 38.36 38.45 sub-year
T057.4 1950.26 1950.13 38.45 38.53 sub-year
T057.5 1950.13 1950 38.53 38.61 sub-year
T057.6 1950 1949.82 38.61 38.69 sub-year
T057.7 1949.82 1949.63 38.69 38.76 sub-year
T057.8 1949.63 1949.47 38.76 38.83 sub-year
T130 1809.46 1807.74 85.42 86.00 multi-year
T138 1788.33 1785.49 90.62 91.19 multi-year
T138.1 1788.55 1788 90.59 90.66 sub-year
T138.2 1788 1787.69 90.66 90.73 sub-year
T138.3 1787.69 1787.36 90.73 90.81 sub-year
T138.4 1787.2 1786.73 90.85 90.94 sub-year
T138.5 1786.73 1786.38 90.94 90.95 sub-year
T138.6 1786.38 1786 90.95 91.08 sub-year
T138.7 1786 1785.49 91.08 91.19 sub-year
T139 1785.33 1782.34 91.23 91.75 multi-year
T139.1 1785.49 1785.16 91.19 91.27 sub-year
T139.2 1785.16 1784.82 91.27 91.35 sub-year
T139.3 1784.82 1784.47 91.35 91.43 sub-year
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T139.4 1784.47 1784.11 91.43 91.51 sub-year
T139.5 1784.11 1783.82 91.51 91.59 sub-year
T139.6 1783.82 1783.69 91.59 91.67 sub-year
T139.7 1783.69 1783.23 91.67 91.75 sub-year
T160 1714.33 1711.1 103.95 104.52 multi-year
T160.1 1714.6 1714.12 103.94 104.00 sub-year
T160.2 1714.12 1713.64 104.00 104.07 sub-year
T160.3 1713.64 1713.16 104.07 104.15 sub-year
T160.4 1713.16 1712.68 104.15 104.24 sub-year
T160.5 1712.68 1712.19 104.24 104.33 sub-year
T160.6 1712.19 1711.71 104.33 104.43 sub-year
T160.7 1711.71 1711.22 104.43 104.49 sub-year
T215 1486.25 1480.72 130.57 131.03 multi-year
T215.1 1486.54 1485.57 130.53 130.61 sub-year
T215.2 1485.57 1484.6 130.61 130.69 sub-year
T215.3 1484.6 1483.63 130.69 130.77 sub-year
T215.4 1483.63 1482.65 130.77 130.85 sub-year
T215.5 1482.65 1481.68 130.85 130.91 sub-year
T215.6 1481.68 1480.72 130.91 130.96 sub-year
T215.7 1480.72 1479.76 130.96 131.01 sub-year
T215.8 1479.76 1478.79 131.01 131.06 sub-year
Tab. A.2.: Compilation of the EUROCORE samples used in this study, their respective ages
and depths.
Sample ID Age CE from Age CE to Depth from (m) Depth to (m) Category
Su89_1 1989.00 1987.99 0.00 0.55 multi-year
Su89_4 1985.97 1984.96 1.65 2.20 multi-year
Su89_8 1981.85 1980.78 3.85 4.40 multi-year
Su89_14 1975.15 1973.94 7.15 7.70 multi-year
Su89_18 1970.09 1968.74 9.35 9.90 multi-year
Su89_25 1960.15 1958.73 13.20 13.75 multi-year
Su89_30 1953.25 1951.93 15.95 16.50 multi-year
Su89_35 1946.67 1945.36 18.70 19.25 multi-year
Su89_40 1939.99 1938.61 21.45 22.00 multi-year
Su89_45 1932.72 1931.14 24.20 24.75 multi-year
Su89_50 1924.44 1922.70 26.95 27.50 multi-year
Su89_55 1915.82 1914.14 29.70 30.25 multi-year
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Su89_60 1907.36 1905.59 32.45 33.00 multi-year
Su89_65 1898.47 1896.76 35.20 35.75 multi-year
Su89_70 1889.93 1888.15 37.95 38.50 multi-year
Su89_74 1882.84 1880.82 40.15 40.70 multi-year
Su89_78 1875.22 1873.34 42.35 42.90 multi-year
Su89_85 1861.93 1860.01 46.20 46.75 multi-year
Su89_90 1852.26 1850.31 48.95 49.50 multi-year
Su89_95 1842.45 1840.47 51.70 52.25 multi-year
Su89_99 1834.51 1832.52 53.90 54.45 multi-year
Su89_117 1797.61 1795.68 63.80 64.35 multi-year
Su89_118 1795.68 1793.73 64.35 64.90 multi-year
Su89_122 1787.37 1785.07 66.55 67.10 multi-year
Su89_130 1765.44 1762.41 70.95 71.50 multi-year
Su89_140 1742.46 1740.97 76.45 77.00 multi-year
Su89_145 1735.48 1734.06 79.20 79.75 multi-year
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Fig. A.1.: Cumulative N INP spectra for all Lomo09 samples. Multi- and sub-year samples
are grouped together according to the set they belong to. LINA measurements
are indicated by dots, whereas crosses indicate INDA measurements.
In Figure A.1 and Figure A.2, all individual cumulative INP spectra for all examined
samples are shown. About 30% of the samples have an onset temperature above
−15 ◦C and roughly 14% started freezing at T ≥ −10 ◦C. These high temperatures
suggest a contribution of INP of biological nature.
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Fig. A.2.: Cumulative N INP spectra for all EUROCORE samples. LINA measurements are
indicated by dots, whereas crosses indicate INDA measurements.
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A.3 NINP during the 1783 Laki eruption
Figure A.3 show a time series of N INP at −20 ◦C, −15 ◦C and −10 ◦C roughly for the
decade before and after the 1783 CE Laki eruption. The vertical green line indicates
when Laki ash was transported to Central Greenland and the cyan line shows the
time of the main aerosol precipitation in Central Greenland (both taken from Fiacco
et al. (1994)). Since Svalbard is closer to Iceland and was located more downwind
compared to Central Greenland (Kekonen, 2005), the transport to Svalbard must
have been even faster. Nevertheless, during the whole 8 months of the eruption
(dark grey shaded area) and also during the main aerosol precipitation, the INP
concentration is low. The maximum INP concentration is reached almost one year
after the main aerosol precipitation. Since the Laki eruption is one of the reference
horizons also dating uncertainties should be minimal at that time. Therefore, we
think that in our temperature range, particles emitted by volcanic eruptions do not
significantly influence INP concentrations.






















































Fig. A.3.: Time series of N INP at −20 ◦C (panel A), −15 ◦C (panel B), and −10 ◦C (panel
C) for multi- and sub-year samples at both sites in temporal proximity to the
1783 Laki eruption. Note that N INP at −20 ◦C and −15 ◦C have been obtained
with the LINA device, whereas N INP at −10 ◦C has been measured with the INDA
device. As a reference, black dashed horizontal lines are included which show the
range of values observed by Petters and Wright (2015) for present North America
and Europe. The shaded grayish area delineates a period of reduced Arctic ice
extent found by Kinnard et al. (2011) and shaded reddish areas show intervals
of particularly warm summers on Svalbard by D’Andrea et al. (2012). The black
shaded area indicates the period of the 1783 CE Laki eruption as defined in Fiacco
et al. (1994).
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A.4 Frequency distribution of NINP
The results of the Shapiro-Wilk test for normality of log(NINP) at different tempera-
tures for samples of both ice cores are shown in Table A.3 and Table A.4. Marked in
bold are p-values below the chosen significance level of 0.05. If this is the case, the
null hypothesis is rejected and there is a 95% probability that the data tested are not
from a normally distributed population.
Tab. A.3.: Test statistic W and p-value from the Shapiro-Wilk test for normality of
log(NINP ) at different temperatures for the Lomo09 samples. p ≤ 0.05 is
marked bold, which indicates there is a 95% probability that the data tested are
not from a normally distributed population.
Lomo09 W p-value
N INP(−22.5 ◦C) (LINA) 0.98 0.63
N INP(−20 ◦C) (LINA) 0.95 0.07
N INP(−17.5 ◦C) (LINA) 0.90 0.01
N INP(−15 ◦C) (LINA) 0.93 0.06
N INP(−15 ◦C) (INDA) 0.93 0.04
N INP(−12.5 ◦C) (INDA) 0.93 0.04
N INP(−10 ◦C) (INDA) 0.95 0.25
N INP(−7.5 ◦C) (INDA) 0.88 0.03
Tab. A.4.: Test statistic W and p-value from the Shapiro-Wilk test for normality of log(NINP)
at different temperatures for the EUROCORE samples. p ≤ 0.05 is marked bold,
which indicates there is a 95% probability that the data tested are not from a
normally distributed population.
EUROCORE W p-value
N INP(−22.5 ◦C) (LINA) 0.98 0.90
N INP(−20 ◦C) (LINA) 0.99 0.96
N INP(−17.5 ◦C) (LINA) 0.96 0.34
N INP(−15 ◦C) (LINA) 0.85 0.01
N INP(−15 ◦C) (INDA) 0.95 0.27
N INP(−12.5 ◦C) (INDA) 0.87 0.00
N INP(−10 ◦C) (INDA) 0.83 0.00
N INP(−7.5 ◦C) (INDA) 0.73 0.01
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Fig. A.4.: Correlation plot (Spearman coefficient) of the concentration of major water
soluble ions and certain chemical compound measured by Wendl et al. (2015),
andN INP at selected temperatures for the Lomo09 ice core. Ac = acetic acid; Form
= formic acid; MSA = methanesulfonic acid; Ox = oxalic acid. The subscripts
L and I at N INP(T ) indicate if the N INP values were obtained with the LINA or
INDA device, respectively.
Figure A.4 visualizes the Spearman coefficients R for the correlation between the
concentration of major water soluble ions and certain chemical compounds measured
by Wendl et al. (2015), and N INP at selected temperatures. Stronger correlations
(R > 0.5) are found only among the chemical parameters, and N INP itself respec-
tively. The correlation between chemical parameters and N INPis weak in general,
which is in line with the observations by Welti et al. (2018) and also expected since
a bulk chemical method cannot grasp the chemical nature of one INP in a million or
more other particles.







B.1 Observed NINP compared to literature
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Flyger et al. (1973, 1976)
Borys et al. (1989)
Rogers et al. (2001)
Prenni et al. (2007)
Fig. B.1.: Observed freezing spectra during PAMARCMiP and airborne Arctic N INP(T ) from
literature: Flyger et al. (1973), Flyger et al. (1976), Borys (1989), Rogers et al.
(2001), and Prenni et al. (2007a).
Figure B.1 shows the observer INP concentration during PAMARCMiP 2018 as
reported in our study together with airborne concentrations in the Arctic reported
in the literature (Flyger et al., 1973; Flyger et al., 1976; Borys, 1989; Rogers et al.,
2001; Prenni et al., 2007a). It has to be noted that these studies took place at such
high latitudes and as early in the year as PAMARCMiP. Flyger et al. (1973) and
Flyger et al. (1976) mostly took place between 60°N and 72°N in summer. The study
by Rogers et al. (2001) took place during the mid of May ca. 500 km northwest
of Barrow (Alaska, USA) and the values reported by Prenni et al. (2007a) where
measured in late September through October over the Alaska North Slope (USA).
The study, which reports the most similar N INP to our study, Borys (1989) (up to
77°N in April), is also most comparable to our own in terms of location and time of
the year.
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B.2 Heat-lability of INP sampled during PAMARCMiP






















Fig. B.2.: Freezing spectra of heat treated (unfilled symbols) and non-heat treated (filled
symbols) samples.
In order to assess the presence of heat-labile material, i.e. most likely biological ma-
terial, the remaining sample extract from the non-heat treated INDA measurements
was heated in a centrifuge tube up to 95 ◦C for 1 hour, cooled to room temperature
and then measured with the INDA device. It was necessary to double the volume of
the remaining sample extract by adding ultra-pure water before the heat treatment
in order to fill a sufficient amount of wells in the PCR plate. This dilution was taken
into account when calculating N INP. The freezing spectra of the heat treated and
non-heat treated samples are shown in Figure B.2.
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B.3 ArcLeads maps
ArcLeads is a satellite remote sensing product which applies a binary segmentation
procedure to identify sea ice leads based MODIS thermal infrared imagery on a daily
time scale. The lead retrieval method is based on the detection of significant positive
surface temperature anomalies and is described in detail in Willmes and Heinemann
(2015) and Willmes and Heinemann (2016). The resulting ArcLeads map consists of
the classes cloud (black), land mask (gray), open ocean (dark blue), sea ice (white),
artifacts (orange), and true leads (blue). Leads are identified in the lead class with
high confidence (95%), which comes at the cost of a conservative artifact class that
still contains 50% of true leads that cannot be properly separated from artifacts
Willmes and Heinemann, 2016. Figure B.3 to Figure B.5 shows the ArcLeads maps
for the days when high INP concentrations were observed.
Fig. B.3.: ArcLeads map for Mar 25 2018. Leads are in blue, artifacts in orange, sea ice in
white, land in gray, clouds in black and the open ocean in dark blue.
B.3 ArcLeads maps 135
Fig. B.4.: ArcLeads map for Mar 30 2018. Leads are in blue, artifacts in orange, sea ice in
white, land in gray, clouds in black and the open ocean in dark blue.
Fig. B.5.: ArcLeads map for Mar 31 2018. Leads are in blue, artifacts in orange, sea ice in
white, land in gray, clouds in black and the open ocean in dark blue.
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B.4 Back trajectories during the PAMARCMiP research
flights
Figure B.6 to B.16 depict 10-day HYSPLIT back trajectories with the underlying
DMSP SSMIS sea ice concentration Maslanik and Stroeve, 1999. The back trajecto-
ries are color coded: Back trajectories endpoints below 300 m are turquoise, those
above are beige. The 300 m criterion was chosen as approximate height of the
marine boundary layer.
Fig. B.6.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentration
Maslanik and Stroeve, 1999 for flight 2 on Mar 25 2018. The back trajectories
are color coded: Back trajectories endpoints below 300 m are turquoise, those
above are beige.
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Fig. B.7.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentration
Maslanik and Stroeve, 1999 for flight 3 on Mar 26 2018. The back trajectories
are color coded: Back trajectories endpoints below 300 m are turquoise, those
above are beige.
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Fig. B.8.: HYSPLIT backtrajectories with the underlying DMSP SSMIS sea ice concentration
Maslanik and Stroeve, 1999 for flight 5 on Mar 27 2018.The back trajectories are
color coded: Back trajectories endpoints below 300 m are turquoise, those above
are beige.
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Fig. B.9.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentration
Maslanik and Stroeve, 1999 for flight 6 on Mar 28 2018. The back trajectories
are color coded: Back trajectories endpoints below 300 m are turquoise, those
above are beige.
140 Appendix B Airborne INP measurements during PAMARCMiP
Fig. B.10.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 7 on Mar 28 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.11.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 8 on Mar 30 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.12.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 9 on Mar 31 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.13.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 10 on Apr 02 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.14.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 12 on Apr 03 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.15.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 13 on Apr 03 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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Fig. B.16.: HYSPLIT back trajectories with the underlying DMSP SSMIS sea ice concentra-
tion Maslanik and Stroeve, 1999 for flight 14 on Apr 04 2018. The back trajec-
tories are color coded: Back trajectories endpoints below 300 m are turquoise,
those above are beige.
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B.5 Sea ice thickness measurements
The sea ice thickness measurements were performed on Mar 30 and Mar 31 2018
(flight 8 and 9 respectively). These measurements have a temporal resolution of
0.1 second, which corresponds to an average distance of 6 mover ground. The
measurements have an ice thickness accuracy of ±0.1 m Haas et al., 2009. We
have therefore chosen a value of 0.15 m as threshold for the detection of areas with
open water or thin ice, i.e. open or refrozen leads. Consecutive occurrences of ice
thicknesses below 0.15 m were assigned to the same lead, thus allowing analysis of
the width of each lead along the flight track. Resulting lead width histograms are
shown in Figure B.17 and B.18 for each of the two flights.
Fig. B.17.: Histogram of the thin ice length on Mar 30 2018 (flight 8).
Fig. B.18.: Histogram of the thin ice length on Mar 31 2018 (flight 9).
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B.6 PAMARCMiP flight metrics and TEM analysis
Figure B.19 shows how long sampling took place at different height intervals. This
emphasizes that especially Mar 30 and Mar 31, two of the days with high show NINP
feature extentsive sampling at low altitudes.
Table B.1 shows basic flight metrics as well as the results of the TEM analysis.
Table B.2 shows sampling date and time of the individual samples collected for the
TEM analysis as well as the repective mean altitude.
Figure B.20 shows a scatter plot of the mean altitude versus sea salt number fraction
























<5000 m 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
<2000 m 71.0% 68.7% 73.8% 8.6% 15.7% 72.0% 100.0% 70.0% 83.7% 71.2% 77.1%
<1000 m 53.4% 50.1% 43.1% 2.3% 9.0% 66.2% 96.7% 45.9% 68.1% 38.8% 67.2%
<500 m 38.6% 34.6% 32.3% 0.4% 0.1% 64.9% 95.4% 30.3% 35.0% 30.5% 50.0%
<300 m 36.6% 33.4% 29.9% 0.0% 0.0% 62.1% 95.1% 16.2% 27.3% 29.4% 35.8%






















Fig. B.19.: Stacked bar plot of the sampling time in different height intervals. The corre-
sponding table shows the percentage of sampling time for which sampling took
place below a certain height.
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Tab. B.2.: Sampling date, time and mean altitude for the individual TEM samples collected
during the flights.
Sampling date Start time (UTC) End time (UTC) mean altitude (m)
25.3.2018 14:00 14:19 172.61
25.3.2018 15:40 15:59 290.29
25.3.2018 16:40 16:59 2772.32
26.3.2018 12:40 12:59 275.23
26.3.2018 13:00 13:19 156.29
26.3.2018 15:00 15:19 5028.44
27.3.2018 14:20 14:39 270.49
27.3.2018 14:40 14:59 163.16
27.3.2018 15:40 15:59 2089.52
30.3.2018 10:00 10:19 128.74
30.3.2018 10:20 10:39 110.73
30.3.2018 10:40 10:59 109.74
31.3.2018 14:20 14:39 115.00
31.3.2018 14:40 14:59 133.90
31.3.2018 15:00 15:19 95.77
4.4.2018 08:00 08:29 2984.53
4.4.2018 08:30 08:59 3866.03




























Fig. B.20.: Scatter plot of the mean altitude versus sea salt number fraction of the individual
TEM samples.
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B.7 Air mass temperature along the back trajectory
In Figure B.21 and Figure B.22 the temperature of the air mass is plotted against
the trajectory for the high INP days and low INP days, respectively. The figures
contain all HYPSLIT back trajectory for the respective case. The color code represents
the point density calculated with a Gaussian kernel density estimator. Dark colors
represent a low point density, whereas bright colors, represent a high point density.
This emphasizes the typical air mass temperature along the trajectory.
















Fig. B.21.: Air mass temperature versus trajectory age with color-coded point density (dark
= low point density; bright = high point density) for high INP days.
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Fig. B.22.: Air mass temperature versus trajectory age with color-coded point density (dark
= low point density; bright = high point density) for low INP days.






C.1 Meteorological parameters during PS106
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Fig. C.1.: Frequency distributions of meteorological parameters measured during leg 1
(blue) and leg 2 (red) of PS106. Data from Schmithüsen (2018) and Schmithüsen
(2019)
As an overview about the meteorological situation during PS106, Figure C.1 shows
the frequency distributions for all meteorological parameters that were continuously
measured on Polarstern. The mean and standard deviation of air temperature (T air),
relative humidity (RH) and atmospheric pressure (P ) are given in the following:
for the whole first leg are Tair = −0.01 ◦C ± 4.21 ◦C, RH = 90.70 % ± 10.62 %
and P = 1016.36 hPa ± 7.48 hPa, whereas the second leg the parameters were
Tair = 0.22 ◦C ± 2.71 ◦C, RH = 94.82 % ± 6.09 % and P = 1006.84 hPa ± 5.12 hPa.
During the time within the ice pack the averages of these parameters were as follows
Tair = 1.37 ◦C ± 1.50 ◦C, RH = 94.35 % ± 4.54 % and P = 1011.27 hPa ± 8.52 hPa
155
and out of the ice pack: Tair = 4.75 ◦C ± 3.65 ◦C, RH = 88.03 % ± 11.27 % and
P = 1012.92 hPa ± 4.89 hPa.
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Fig. C.2.: Comparison of filtered and unfiltered SML and BSW samples. Shown are the T50
values for corresponding samples. Symbols below the 1:1 line indicate that the

































Fig. C.3.: Comparison of filtered and unfiltered SML and BSW samples. Shown are the T90
values for corresponding samples. Symbols below the 1:1 line indicate that the
filtered sample is less ice active.
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Fig. C.4.: Difference in T10 of filtered and unfiltered sample plotted against T10 of the
unfiltered sample for SML and BSW samples. The dashed line represents a linear
fit.
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C.3 Chlorophyll-a in the investigation region
Fig. C.5.: Map of chlorophyll-a measured by satellite and the Ferrybox system of the
Polarstern, along with hourly backtrajectories. Dots east of Svalbard show the
chlorophyll-a concentration measured by the Ferrybox system for the time period
when the peak in chlorophyll-a concentration occurred (sampling period of LV194
and LV195). The chlorophyll-a concentration measured by satellite (Aqua MODIS,
NPP, L3SMI, Global, 4km, Science Quality, 2003-present, 8 Day Composite (July
8 to July 16)) is shown as well. The hourly backtrajectories are identical to the
Figure 3.19
Figure C.5 shows a map of chlorophyll-a measured by satellite and the Ferrybox sys-
tem of the Polarstern, along with hourly backtrajectories. Dots show the chlorophyll-
a concentration measured by the Ferrybox system for the time period when the
peak in chlorophyll-a concentration occurred (sampling period of LV194 and LV195).
The chlorophyll-a concentration measured by satellite (Aqua MODIS, NPP, L3SMI,
Global, 4km, Science Quality, 2003-present, 8 Day Composite (July 8 to July 16)) is
shown as well. The hourly back trajectories are identical to the ones in Figure 3.19.
It can be seen that several patches of higher chlorophyll-a concentration are present
in region where our case study took place. Also several trajectories travel over the
areas with increased chlorophyll-a concentration. This makes it possible that the
corresponding air masses picked up particles emitted from those areas. However,
it has to be kept in mind that back trajectories also have spatial uncertainties and
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should be merely seen as indicator for the areas where air masses came from and
should not be used to pinpoint features with exact location. Therefore the Figure C.5
shall only elucidate that the air masses we investigate in this case study have the
possibility to transport INP from a local marine source to our measurement site, but
it is not possible to further narrow down the most likely source area.
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C.4 Sample list of filter samples
Tab. C.1.: Information on the filter samples collected during PS106 including sample ID,
start and end date/time of sample collection, and the INP measurement related
parameters V drop, V wash and V air.
Sample ID Start Date/Time End Date/Time V drop (m3) V wash (m3) V air (m3)
LV1 2017-05-24 18:44 2017-05-25 02:44 1 × 10−9 1.5 × 10−6 13.364
LV2 2017-05-25 02:44 2017-05-25 10:44 1 × 10−9 1.5 × 10−6 13.8766
LV3 2017-05-25 10:44 2017-05-25 18:44 2 × 10−9 1 × 10−6 13.7338
LV4 2017-05-25 18:44 2017-05-26 02:44 1 × 10−9 1 × 10−6 13.7241
LV5 2017-05-26 02:44 2017-05-26 10:44 1 × 10−9 1 × 10−6 13.0346
LV6 2017-05-26 10:44 2017-05-26 18:44 2 × 10−9 1 × 10−6 13.6037
LV7 2017-05-26 18:44 2017-05-27 02:44 1 × 10−9 1 × 10−6 12.7998
LV8 2017-05-27 02:44 2017-05-27 10:44 1 × 10−9 1 × 10−6 13.1622
LV9 2017-05-27 10:44 2017-05-27 18:44 2 × 10−9 1 × 10−6 13.4232
LV10 2017-05-27 18:44 2017-05-28 02:44 1 × 10−9 1 × 10−6 13.5014
LV11 2017-05-28 02:44 2017-05-28 10:44 1 × 10−9 1 × 10−6 13.7333
LV12 2017-05-28 10:44 2017-05-28 18:44 2 × 10−9 1 × 10−6 13.5444
LV13 2017-05-28 18:44 2017-05-29 02:44 1 × 10−9 3 × 10−6 13.665
LV14 2017-05-29 02:44 2017-05-29 10:44 1 × 10−9 1 × 10−6 13.5393
LV15 2017-05-29 10:44 2017-05-29 18:44 2 × 10−9 1 × 10−6 13.3834
LV17 2017-05-29 18:44 2017-05-30 02:44 1 × 10−9 3 × 10−6 13.6367
LV18 2017-05-30 02:44 2017-05-30 10:44 1 × 10−9 1 × 10−6 13.482
LV19 2017-05-30 10:44 2017-05-30 18:44 2 × 10−9 1 × 10−6 13.2745
LV20 2017-05-30 18:44 2017-05-31 02:44 1 × 10−9 3 × 10−6 13.4347
LV21 2017-05-31 02:44 2017-05-31 10:44 1 × 10−9 1 × 10−6 13.5989
LV22 2017-05-31 10:44 2017-05-31 18:44 2 × 10−9 1 × 10−6 13.402
LV23 2017-05-31 18:44 2017-06-01 02:44 1 × 10−9 6 × 10−6 13.4593
LV24 2017-06-01 02:44 2017-06-01 10:44 1 × 10−9 1 × 10−6 13.6141
LV25 2017-06-01 10:44 2017-06-01 18:44 2 × 10−9 1 × 10−6 13.2211
LV26 2017-06-01 18:44 2017-06-02 02:44 1 × 10−9 3 × 10−6 13.4625
LV27 2017-06-02 02:44 2017-06-02 10:44 1 × 10−9 1 × 10−6 13.2275
LV28 2017-06-02 10:44 2017-06-02 18:44 2 × 10−9 1 × 10−6 13.4415
LV29 2017-06-02 18:44 2017-06-03 02:44 1 × 10−9 3 × 10−6 13.1189
LV30 2017-06-03 02:44 2017-06-03 10:44 1 × 10−9 1 × 10−6 13.3567
LV31 2017-06-03 10:44 2017-06-03 18:44 1 × 10−9 1 × 10−6 13.4868
LV32 2017-06-03 18:44 2017-06-04 02:44 1 × 10−9 3 × 10−6 13.5722
LV33 2017-06-04 02:44 2017-06-04 10:44 1 × 10−9 1 × 10−6 13.5453
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LV34 2017-06-04 10:44 2017-06-04 18:44 1 × 10−9 1 × 10−6 13.3867
LV35 2017-06-04 18:44 2017-06-05 02:44 1 × 10−9 3 × 10−6 13.2561
LV36 2017-06-05 02:44 2017-06-05 10:44 1 × 10−9 3 × 10−6 13.494
LV37 2017-06-05 10:44 2017-06-05 18:44 1 × 10−9 1 × 10−6 13.3424
LV38 2017-06-05 18:44 2017-06-06 02:44 1 × 10−9 3 × 10−6 13.571
LV39 2017-06-06 02:44 2017-06-06 10:44 1 × 10−9 3 × 10−6 13.516
LV40 2017-06-06 10:44 2017-06-06 18:44 1 × 10−9 1 × 10−6 13.5603
LV41 2017-06-06 18:44 2017-06-06 20:44 1 × 10−9 1 × 10−6 3.3556
LV42 2017-06-06 20:44 2017-06-06 22:44 1 × 10−9 1 × 10−6 3.3702
LV43 2017-06-06 22:44 2017-06-07 00:44 1 × 10−9 1 × 10−6 3.3766
LV44 2017-06-07 00:44 2017-06-07 02:44 1 × 10−9 1 × 10−6 3.2937
LV45 2017-06-07 02:44 2017-06-07 04:44 1 × 10−9 1 × 10−6 3.3518
LV46 2017-06-07 04:44 2017-06-07 06:44 1 × 10−9 1 × 10−6 3.3215
LV47 2017-06-07 06:44 2017-06-07 08:44 1 × 10−9 1 × 10−6 3.3867
LV48 2017-06-07 08:44 2017-06-07 10:44 1 × 10−9 1 × 10−6 3.3306
LV49 2017-06-07 10:44 2017-06-07 12:44 1 × 10−9 1 × 10−6 3.265
LV50 2017-06-07 12:44 2017-06-07 14:44 1 × 10−9 1 × 10−6 3.3574
LV51 2017-06-07 14:44 2017-06-07 16:44 1 × 10−9 1 × 10−6 3.3382
LV52 2017-06-07 16:44 2017-06-07 18:44 1 × 10−9 1 × 10−6 3.3593
LV53 2017-06-07 18:44 2017-06-08 02:44 1 × 10−9 1 × 10−6 13.3844
LV54 2017-06-08 02:44 2017-06-08 10:44 1 × 10−9 3 × 10−6 13.4333
LV55 2017-06-08 10:44 2017-06-08 18:44 1 × 10−9 1 × 10−6 13.3914
LV56 2017-06-08 18:44 2017-06-09 02:44 1 × 10−9 3 × 10−6 13.3852
LV57 2017-06-09 02:44 2017-06-09 10:44 1 × 10−9 3 × 10−6 13.5345
LV58 2017-06-09 10:44 2017-06-09 18:44 1 × 10−9 1 × 10−6 13.303
LV59 2017-06-09 18:44 2017-06-10 02:44 1 × 10−9 3 × 10−6 13.2808
LV60 2017-06-10 02:44 2017-06-10 10:44 1 × 10−9 3 × 10−6 13.336
LV61 2017-06-10 10:44 2017-06-10 18:44 1 × 10−9 1 × 10−6 13.4814
LV62 2017-06-10 18:44 2017-06-11 02:44 1 × 10−9 3 × 10−6 13.4903
LV63 2017-06-11 02:44 2017-06-11 10:44 1 × 10−9 3 × 10−6 13.6937
LV64 2017-06-11 10:44 2017-06-11 18:44 1 × 10−9 1 × 10−6 13.8514
LV65 2017-06-11 18:44 2017-06-12 02:44 1 × 10−9 3 × 10−6 13.7736
LV66 2017-06-12 02:44 2017-06-12 10:44 1 × 10−9 3 × 10−6 13.4469
LV67 2017-06-12 10:44 2017-06-12 18:44 1 × 10−9 1 × 10−6 13.6985
LV68 2017-06-12 18:44 2017-06-13 02:44 1 × 10−9 3 × 10−6 13.6218
LV69 2017-06-13 02:44 2017-06-13 10:44 1 × 10−9 3 × 10−6 13.9241
LV70 2017-06-13 10:44 2017-06-13 18:44 1 × 10−9 1 × 10−6 13.7261
LV71 2017-06-13 18:44 2017-06-14 02:44 1 × 10−9 3 × 10−6 13.4597
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LV72 2017-06-14 02:44 2017-06-14 10:44 1 × 10−9 3 × 10−6 13.4823
LV73 2017-06-14 10:44 2017-06-14 18:44 1 × 10−9 1 × 10−6 13.3676
LV74 2017-06-14 18:44 2017-06-15 02:44 1 × 10−9 3 × 10−6 13.315
LV75 2017-06-15 02:44 2017-06-15 10:44 1 × 10−9 3 × 10−6 13.5743
LV76 2017-06-15 10:44 2017-06-15 18:44 1 × 10−9 1 × 10−6 13.5022
LV77 2017-06-15 18:44 2017-06-16 02:44 1 × 10−9 3 × 10−6 13.6143
LV78 2017-06-16 02:44 2017-06-16 10:44 1 × 10−9 3 × 10−6 13.6673
LV79 2017-06-16 10:44 2017-06-16 18:44 1 × 10−9 1 × 10−6 13.8151
LV80 2017-06-16 18:44 2017-06-17 02:44 1 × 10−9 3 × 10−6 13.6382
LV81 2017-06-17 02:44 2017-06-17 10:44 1 × 10−9 3 × 10−6 13.5365
LV82 2017-06-17 10:44 2017-06-17 18:44 1 × 10−9 1 × 10−6 13.4833
LV83 2017-06-17 18:44 2017-06-18 02:44 1 × 10−9 3 × 10−6 13.3616
LV84 2017-06-18 02:44 2017-06-18 10:44 1 × 10−9 3 × 10−6 13.2425
LV85 2017-06-18 10:44 2017-06-18 18:44 1 × 10−9 1 × 10−6 13.4102
LV86 2017-06-18 18:44 2017-06-19 02:44 1 × 10−9 3 × 10−6 13.2994
LV87 2017-06-19 02:44 2017-06-19 10:44 1 × 10−9 3 × 10−6 13.2843
LV88 2017-06-19 10:44 2017-06-19 18:44 1 × 10−9 1 × 10−6 13.3801
LV90 2017-06-20 02:44 2017-06-20 10:44 1 × 10−9 3 × 10−6 13.4782
LV91 2017-06-20 10:44 2017-06-20 18:44 1 × 10−9 1 × 10−6 13.3972
LV92 2017-06-20 18:44 2017-06-21 02:44 1 × 10−9 3 × 10−6 13.4854
LV93 2017-06-21 02:44 2017-06-21 10:44 1 × 10−9 3 × 10−6 13.8507
LV94 2017-06-21 10:44 2017-06-21 18:44 2 × 10−9 1 × 10−5 13.9159
LV95 2017-06-21 18:44 2017-06-22 02:44 1 × 10−9 3 × 10−6 13.8086
LV96 2017-06-22 02:44 2017-06-22 10:44 1 × 10−9 3 × 10−6 13.6727
LV97 2017-06-22 10:44 2017-06-22 18:44 2 × 10−9 1 × 10−5 13.6527
LV98 2017-06-22 18:44 2017-06-23 02:44 1 × 10−9 3 × 10−6 13.6263
LV99 2017-06-23 02:44 2017-06-23 10:44 1 × 10−9 3 × 10−6 13.358
LV100 2017-06-23 10:44 2017-06-23 18:44 2 × 10−9 1 × 10−5 13.4249
LV101 2017-06-23 18:44 2017-06-24 02:44 1 × 10−9 3 × 10−6 13.4252
LV102 2017-06-24 02:44 2017-06-24 10:44 1 × 10−9 3 × 10−6 13.4035
LV103 2017-06-24 10:13 2017-06-24 18:13 2 × 10−9 1 × 10−5 12.5126
LV104 2017-06-24 18:13 2017-06-24 20:13 1 × 10−9 3 × 10−6 3.3784
LV105 2017-06-24 20:13 2017-06-24 22:13 1 × 10−9 3 × 10−6 3.3901
LV106 2017-06-24 22:13 2017-06-25 00:13 1 × 10−9 3 × 10−6 3.3629
LV107 2017-06-25 00:13 2017-06-25 02:13 1 × 10−9 3 × 10−6 3.3526
LV108 2017-06-25 02:13 2017-06-25 04:13 1 × 10−9 3 × 10−6 3.3495
LV109 2017-06-25 04:13 2017-06-25 06:13 1 × 10−9 3 × 10−6 3.3401
LV110 2017-06-25 06:13 2017-06-25 08:13 1 × 10−9 3 × 10−6 3.3844
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LV111 2017-06-25 08:13 2017-06-25 10:13 1 × 10−9 3 × 10−6 3.3324
LV112 2017-06-25 10:13 2017-06-25 12:13 1 × 10−9 3 × 10−6 3.3575
LV113 2017-06-25 12:13 2017-06-25 14:13 1 × 10−9 3 × 10−6 3.3444
LV114 2017-06-25 14:13 2017-06-25 16:13 1 × 10−9 3 × 10−6 3.3243
LV115 2017-06-25 16:13 2017-06-25 18:13 1 × 10−9 3 × 10−6 3.3739
LV116 2017-06-25 18:13 2017-06-26 02:13 1 × 10−9 3 × 10−6 13.4297
LV117 2017-06-26 02:13 2017-06-26 10:13 1 × 10−9 3 × 10−6 13.3875
LV118 2017-06-26 10:13 2017-06-26 18:13 1 × 10−9 1 × 10−5 13.4147
LV119 2017-06-26 18:13 2017-06-27 02:13 1 × 10−9 3 × 10−6 13.3293
LV120 2017-06-27 02:13 2017-06-27 10:13 1 × 10−9 3 × 10−6 13.512
LV121 2017-06-27 10:13 2017-06-27 18:13 1 × 10−9 1 × 10−5 13.3159
LV122 2017-06-27 18:13 2017-06-28 02:13 1 × 10−9 3 × 10−6 13.3833
LV123 2017-06-28 02:13 2017-06-28 10:13 1 × 10−9 3 × 10−6 13.4953
LV124 2017-06-28 10:13 2017-06-28 18:13 1 × 10−9 1 × 10−5 13.4132
LV125 2017-06-28 18:13 2017-06-29 02:13 1 × 10−9 3 × 10−6 13.382
LV126 2017-06-29 02:13 2017-06-29 10:13 1 × 10−9 3 × 10−6 13.4051
LV127 2017-06-29 10:13 2017-06-29 18:13 1 × 10−9 1 × 10−5 13.425
LV128 2017-06-29 18:13 2017-06-30 02:13 1 × 10−9 3 × 10−6 13.2653
LV129 2017-06-30 02:13 2017-06-30 10:13 1 × 10−9 3 × 10−6 13.5042
LV130 2017-06-30 10:13 2017-06-30 18:13 1 × 10−9 1 × 10−5 13.1151
LV131 2017-06-30 18:13 2017-07-01 02:13 1 × 10−9 3 × 10−6 13.0522
LV132 2017-07-01 02:13 2017-07-01 10:13 1 × 10−9 3 × 10−6 13.1088
LV133 2017-07-01 10:13 2017-07-01 18:13 1 × 10−9 1 × 10−5 13.1199
LV134 2017-07-01 18:13 2017-07-02 02:13 1 × 10−9 3 × 10−6 13.0771
LV135 2017-07-02 02:13 2017-07-02 10:13 1 × 10−9 3 × 10−6 13.1196
LV136 2017-07-02 10:13 2017-07-02 18:13 1 × 10−9 1 × 10−5 13.2351
LV137 2017-07-02 18:13 2017-07-03 02:13 1 × 10−9 3 × 10−6 12.9632
LV138 2017-07-03 02:13 2017-07-03 10:13 1 × 10−9 3 × 10−6 12.9771
LV139 2017-07-03 10:13 2017-07-03 18:13 1 × 10−9 1 × 10−5 13.2915
LV153 2017-07-05 02:13 2017-07-05 10:13 1 × 10−9 3 × 10−6 13.3439
LV154 2017-07-05 10:13 2017-07-05 18:13 1 × 10−9 1 × 10−5 12.9859
LV156 2017-07-06 02:13 2017-07-06 10:13 1 × 10−9 3 × 10−6 13.2444
LV157 2017-07-06 10:13 2017-07-06 18:13 1 × 10−9 1 × 10−5 13.1926
LV158 2017-07-06 18:13 2017-07-07 02:13 1 × 10−9 3 × 10−6 13.2601
LV159 2017-07-07 02:13 2017-07-07 10:13 1 × 10−9 3 × 10−6 13.2437
LV160 2017-07-07 10:13 2017-07-07 18:13 1 × 10−9 1 × 10−5 12.9855
LV161 2017-07-07 18:13 2017-07-08 02:13 1 × 10−9 3 × 10−6 13.0379
LV162 2017-07-08 02:13 2017-07-08 10:13 1 × 10−9 3 × 10−6 13.1561
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LV163 2017-07-08 10:13 2017-07-08 18:13 1 × 10−9 1 × 10−5 13.1462
LV164 2017-07-08 18:13 2017-07-09 02:13 1 × 10−9 3 × 10−6 13.4222
LV165 2017-07-09 02:13 2017-07-09 10:13 1 × 10−9 3 × 10−6 13.0372
LV166 2017-07-09 10:13 2017-07-09 18:13 1 × 10−9 1 × 10−5 13.0227
LV167 2017-07-09 18:13 2017-07-10 02:13 1 × 10−9 3 × 10−6 13.3225
LV168 2017-07-10 02:13 2017-07-10 10:13 1 × 10−9 3 × 10−6 13.1759
LV169 2017-07-10 10:13 2017-07-10 18:13 1 × 10−9 6 × 10−6 13.2474
LV170 2017-07-10 18:13 2017-07-11 02:13 1 × 10−9 3 × 10−6 13.2873
LV171 2017-07-11 02:13 2017-07-11 10:13 1 × 10−9 3 × 10−6 13.0063
LV172 2017-07-11 10:13 2017-07-11 18:13 1 × 10−9 6 × 10−6 13.3026
LV173 2017-07-11 18:13 2017-07-12 02:13 1 × 10−9 3 × 10−6 13.2725
LV174 2017-07-12 02:13 2017-07-12 10:13 1 × 10−9 3 × 10−6 13.0801
LV176 2017-07-12 10:13 2017-07-12 18:13 1 × 10−9 6 × 10−6 13.3052
LV177 2017-07-12 18:13 2017-07-13 02:13 1 × 10−9 3 × 10−6 13.2656
LV178 2017-07-13 02:13 2017-07-13 10:13 1 × 10−9 3 × 10−6 13.102
LV179 2017-07-13 10:17 2017-07-13 12:17 1 × 10−9 3 × 10−6 3.3933
LV180 2017-07-13 12:17 2017-07-13 14:17 1 × 10−9 3 × 10−6 3.2698
LV181 2017-07-13 14:17 2017-07-13 16:17 1 × 10−9 3 × 10−6 3.2428
LV182 2017-07-13 16:17 2017-07-13 18:17 1 × 10−9 3 × 10−6 3.3187
LV183 2017-07-13 18:17 2017-07-13 20:17 1 × 10−9 3 × 10−6 3.2542
LV184 2017-07-13 20:17 2017-07-13 22:17 1 × 10−9 3 × 10−6 3.2868
LV185 2017-07-13 22:17 2017-07-14 00:17 1 × 10−9 3 × 10−6 3.3509
LV186 2017-07-14 00:17 2017-07-14 02:17 1 × 10−9 3 × 10−6 3.354
LV187 2017-07-14 02:17 2017-07-14 04:17 1 × 10−9 3 × 10−6 3.4633
LV188 2017-07-14 04:17 2017-07-14 06:17 1 × 10−9 3 × 10−6 3.3949
LV189 2017-07-14 06:17 2017-07-14 08:17 1 × 10−9 3 × 10−6 3.3921
LV190 2017-07-14 08:17 2017-07-14 10:17 1 × 10−9 3 × 10−6 3.3731
LV191 2017-07-14 10:17 2017-07-14 18:17 1 × 10−9 6 × 10−6 13.6913
LV193 2017-07-15 02:17 2017-07-15 10:17 1 × 10−9 3 × 10−6 13.3896
LV194 2017-07-15 10:17 2017-07-15 18:17 1 × 10−9 6 × 10−6 13.513
LV195 2017-07-15 18:17 2017-07-16 02:17 1 × 10−9 3 × 10−6 13.6538
LV196 2017-07-16 02:17 2017-07-16 10:17 1 × 10−9 3 × 10−6 13.5267
LV197 2017-07-16 10:17 2017-07-16 18:17 1 × 10−9 6 × 10−6 13.5701
LV198 2017-07-16 18:17 2017-07-17 02:17 1 × 10−9 3 × 10−6 13.5233
LV199 2017-07-17 02:17 2017-07-17 10:17 1 × 10−9 3 × 10−6 13.5925
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C.5 Sample list of seawater samples
Tab. C.2.: Information on the seawater samples including sample ID, sample collection
date and time, latitude and longitude, the environment the sample was taken
from, and the freezing point depression (FPD; in ◦C) the INP measurements
were corrected for.
Sample ID Sample Date/Time Latitude Longitude Environment FPD
BulkS1 2017-05-25 11:00:00 57° 17.28’N 005° 12.75’E ice-free ocean -2
SMLS1 2017-05-25 11:00:00 57° 17.28’N 005° 12.75’E ice-free ocean -2.1
BulkS2 2017-05-26 11:00:00 61° 06.6’N 003° 17.97’E ice-free ocean -2
SMLS2 2017-05-26 11:00:00 61° 06.6’N 003° 17.97’E ice-free ocean -2.1
Bulk1 2017-05-27 09:00:00 64° 41.19’N 002° 44.55’E ice-free ocean -2.2
SML1 2017-05-27 09:00:00 64° 41.19’N 002° 44.55’E ice-free ocean -2.2
Bulk2 2017-05-29 08:30:00 72° 24.72’N 005° 35.69’E ice-free ocean -2
SML2 2017-05-29 08:30:00 72° 24.72’N 005° 35.69’E ice-free ocean -2.2
Bulk3 2017-05-31 08:20:00 79° 19.16’N 008° 24.6’E ice-free ocean -2.1
SML3 2017-05-31 08:20:00 79° 19.16’N 008° 24.6’E ice-free ocean -2.1
Bulk4 2017-06-01 10:30:00 80° 25.55’N 007° 15.88’E ice pack -2
SML4 2017-06-01 10:30:00 80° 25.55’N 007° 15.88’E ice pack -2.1
Bulk5 2017-06-02 12:00:00 81° 17.39’N 009° 17.82’E ice pack -2
SML5 2017-06-02 12:00:00 81° 17.39’N 009° 17.82’E ice pack -2.1
Bulk6 2017-06-04 17:00:00 81° 57.0’N 010° 30.0’E ice pack -2.1
SML6 2017-06-04 17:00:00 81° 57.0’N 010° 30.0’E ice pack -2.1
Bulk7 2017-06-07 08:00:00 81° 56.205’N 010° 15.057’E ice pack -2
SML7 2017-06-07 08:00:00 81° 56.205’N 010° 15.057’E ice pack -2.1
Bulk8 2017-06-08 12:00:00 81° 53.94’ N 009° 51.46’ E ice pack -2
SML8 2017-06-08 12:00:00 81° 53.94’ N 009° 51.46’ E ice pack -2
BulkS3 2017-06-09 08:00:00 82° 54.50’N 010° 00.74’E ice pack -2
SMLS3 2017-06-09 08:00:00 82° 54.50’N 010° 00.74’E ice pack -2.1
Bulk9 2017-06-10 15:00:00 81° 52.32’N 010° 27.59’E melt pond -1.2
SML9 2017-06-10 15:00:00 81° 52.32’N 010° 27.59’E melt pond -0.8
Bulk10 2017-06-11 14:00:00 81° 49.69’N 011° 12.45’E ice pack -2.1
SML10 2017-06-11 14:00:00 81° 49.69’N 011° 12.45’E ice pack -2.1
Bulk11 2017-06-14 13:00:00 81° 45.87’N 011° 07.09’E melt pond -1.1
SML11 2017-06-14 13:00:00 81° 45.87’N 011° 07.09’E melt pond -1
Bulk12 2017-06-15 11:30:00 81° 43.33’N 010° 49.11’ E melt pond -0.8
SML12 2017-06-15 11:30:00 81° 43.33’N 010° 49.11’ E melt pond -0.8
Bulk13 2017-06-17 12:30:00 80° 59.59’ N 010° 21.70’E ice pack -2.1
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SML13 2017-06-17 12:30:00 80° 59.59’ N 010° 21.70’E ice pack -2.1
Bulk14 2017-06-18 11:00:00 80° 08.82’N 010° 25.68’E marginal ice zone -2.1
SML14 2017-06-18 11:00:00 80° 08.82’N 010° 25.68’E marginal ice zone -2.1
Bulk15 2017-06-19 14:00:00 78° 39.50’N 004° 33.23’ E marginal ice zone -2
SML15 2017-06-19 14:00:00 78° 39.50’N 004° 33.23’ E marginal ice zone -1.6
Bulk16 2017-06-24 10:00:00 76° 10.62’N 019° 58.16’E ice-free ocean -1.9
SML16 2017-06-24 10:00:00 76° 10.62’N 019° 58.16’E ice-free ocean -2.1
Bulk17 2017-06-25 10:45:00 77° 54.19’N 030° 05.20’E marginal ice zone -2
SML17 2017-06-25 10:45:00 77° 54.19’N 030° 05.20’E marginal ice zone -1.9
Bulk18 2017-06-25 19:00:00 78° 05.40’N 030° 27.58’E melt pond -0.6
SML18 2017-06-25 19:00:00 78° 05.40’N 030° 27.58’E melt pond -0.5
Bulk19 2017-06-25 21:50:00 78° 05.40’N 030° 27.58’E melt pond -1.9
SML19 2017-06-25 21:50:00 78° 05.40’N 030° 27.58’E melt pond -0.3
Bulk20 2017-06-26 10:30:00 78° 33.33’ N 033° 57.9’E marginal ice zone -1.9
SML20 2017-06-26 10:30:00 78° 33.33’ N 033° 57.9’E marginal ice zone -2
Bulk21 2017-06-27 13:00:00 79° 50.11’ N 034° 02.4’ E ice pack -2
SML21 2017-06-27 13:00:00 79° 50.11’ N 034° 02.4’ E ice pack -2
Bulk22 2017-06-28 23:30:00 80° 32.01’N 030° 58.15’E melt pond -0.4
SML22 2017-06-28 23:30:00 80° 32.01’N 030° 58.15’E melt pond -0.3
Bulk23 2017-06-29 11:00:00 80° 39.93’N 031° 40.74’E ice pack -2
SML23 2017-06-29 11:00:00 80° 39.93’N 031° 40.74’E ice pack -2.1
Bulk24 2017-06-30 11:45:00 81° 41.73’N 032° 55.28’E ice pack -2
SML24 2017-06-30 11:45:00 81° 41.73’N 032° 55.28’E ice pack -2
Bulk25 2017-07-01 16:10:00 81° 25.39’N 032° 34.6’E ice pack -2.1
SML25 2017-07-01 16:10:00 81° 25.39’N 032° 34.6’E ice pack -2.1
Bulk26 2017-07-02 12:45:00 81° 39.87’N 032° 14.67’E ice pack -2
SML26 2017-07-02 12:45:00 81° 39.87’N 032° 14.67’E ice pack -2
BulkS4 2017-07-02 20:00:00 81° 38.99’N 032° 21.97’E ice pack -2
Bulk27 2017-07-03 13:30:00 81° 57.92’N 032° 25.44’E ice pack -2
SML27 2017-07-03 13:30:00 81° 57.92’N 032° 25.44’E ice pack -2.1
Bulk28 2017-07-05 10:30:00 83° 00.3’N 033°11.57’E ice pack -2
SML28 2017-07-05 10:30:00 83° 00.3’N 033°11.57’E ice pack -2
Bulk29 2017-07-06 13:30:00 83° 30.02’N 032° 59.1’ E ice pack -2.1
SML29 2017-07-06 13:30:00 83° 30.02’N 032° 59.1’ E ice pack -2.1
Bulk30 2017-07-06 22:45:00 83° 39.68’N 031° 34.83’E ice pack -2
SML30 2017-07-06 22:45:00 83° 39.68’N 031° 34.83’E ice pack -2.1
BulkS5 2017-07-06 22:45:00 83° 39.68’N 031° 34.83’E melt pond -1
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SMLS5 2017-07-06 22:45:00 83° 39.68’N 031° 34.83’E melt pond -1
Bulk31 2017-07-08 10:45:00 83° 28.18’N 027° 54.75’E ice pack -2.1
SML31 2017-07-08 10:45:00 83° 28.18’N 027° 54.75’E ice pack -2.1
Bulk32 2017-07-09 12:45:00 82° 58.00’N 025° 08.30’E ice pack -2.1
SML32 2017-07-09 12:45:00 82° 58.00’N 025° 08.30’E ice pack -2
Bulk33 2017-07-10 10:45:00 82° 30.27’N 018° 36. 77’E ice pack -2
SML33 2017-07-10 10:45:00 82° 30.27’N 018° 36. 77’E ice pack -2
Bulk34 2017-07-11 10:00:00 82° 02.91’N 017°55.77’E ice pack -2.1
SML34 2017-07-11 10:00:00 82° 02.91’N 017°55.77’E ice pack -2
Bulk35 2017-07-13 11:10:00 81° 13.74’N 018° 44.63’E ice pack -2
SML35 2017-07-13 11:10:00 81° 13.74’N 018° 44.63’E ice pack -1.9
Bulk36 2017-07-14 11:20:00 81° 00.92’N 026° 52.96’E ice pack -2.1
SML36 2017-07-14 11:20:00 81° 00.92’N 026° 52.96’E ice pack -2
Bulk37 2017-07-15 10:50:00 79° 27.45’N 028° 07.14’ E marginal ice zone -2
SML37 2017-07-15 10:50:00 79° 27.45’N 028° 07.14’ E marginal ice zone -2
SMLS6 2017-07-15 10:50:00 79° 27.45’N 028° 07.14’ E marginal ice zone -2
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C.6 Heat-lability of INP sampled during PS106




















Fig. C.6.: Comparison of heated (red symbols) and unheated (blue symbols) filter samples.
The same samples have the same symbol.
After the initial INP measurement, arbitrarily selected samples were chosen to test
for the presence of heat-labile INP in the samples. The sample solution was sealed
in an centrifuge tube and placed in an oven. The sample was heated at 95 ◦C for
1 h and subsequently analyzed with the LINA device. In Figure C.6 it can be seen
that the ice activity of all samples was reduced. The strongest reduction occurred
with INP, which were originally active at temperatures above −15 ◦C and are now
no longer present after heating. This indicates that these INP were biological and
proteinaceous.
Figure C.7 shows a box plot of the decrease in N INP after the heat treatment at
selected temperatures of all samples that were heated. Boxes represent the 25% and
75% quartile. The horizontal line represents the median and the green triangle the
mean. The whiskers have the length of 1.5 * IQR (interquartile range) and data
points outside the range of the whiskers is shown with diamond markers. It can
be seen that the decrease is most pronounced for the warmer temperatures, but
is present throughout the whole temperature range. For temperatures of −16 ◦C
and above, the decrease almost always 100%, which indicates that all samples
contained heat-labile INP at these temperatures. At temperatures of −18 ◦C and
below, the variability in the decrease becomes higher, which indicates that at the
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Fig. C.7.: Box plot of the decrease in N INP after the heat treatment. Boxes represent the
25% and 75% quartile. The horizontal line represents the median and the green
triangle the mean. The whiskers have the length of 1.5 * IQR (interquartile
range) and data points outside the range of the whiskers is shown with diamond
markers.
lower temperatures some samples still contain mostly heat-labile INP, while in other
samples also more heat-stable INP are present.
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C.7 Sample list of fog samples
Tab. C.3.: Information on the fog samples including sample ID, start and end date/time of
sample collection.
Sample ID Start Date Start Time Stop Date Stop Time
WW1 2017-05-26 04:33:00 2017-05-26 12:27:00
WW3 2017-05-27 12:46:00 2017-05-27 20:39:00
WW4 2017-05-27 20:56:00 2017-05-28 06:15:00
WW5 2017-06-01 13:15:00 2017-06-02 16:37:00
WW6 2017-06-10 20:30:00 2017-06-13 09:58:00
WW7 2017-06-23 10:00:00 2017-06-25 10:10:00
WW9 2017-06-29 10:45:00 2017-07-01 10:25:00
WW10 2017-07-01 10:38:00 2017-07-06 10:30:00
WW11 2017-07-06 10:45:00 2017-07-07 11:10:00
WW12 2017-07-07 11:25:00 2017-07-08 11:15:00
WW13 2017-07-08 11:30:00 2017-07-08 22:20:00
WW15 2017-07-09 17:00:00 2017-07-10 11:00:00
WW16 2017-07-10 11:15:00 2017-07-11 11:00:00
WW17 2017-07-11 11:15:00 2017-07-14 10:25:00
WW18 2017-07-14 10:38:00 2017-07-15 10:45:00
WW19 2017-07-15 10:52:00 2017-07-16 10:20:00
WW20 2017-07-16 10:30:00 2017-07-16 22:15:00
WW21 2017-07-16 22:30:00 2017-07-17 10:20:00
WW22 2017-07-17 10:30:00 2017-07-17 14:00:00
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C.8 Freezing spectra of the filter samples






















Petters & Wright (2015)
MilliQ
Fig. C.8.: All cumulative INP spectra derived from atmospheric filter samples measured
with LINA. The color code shows whether it is a sample with 8 h (blue) or 2 h
(orange) collection time. The range of N INP for mid-latitudes by Petters and
Wright (2015) is shown as gray shaded are for reference. The blue areas depicts
the 10% to 90% percentile range of all pure MilliQ measurements with LINA
(scaled to atmospheric concentrations with the average sampled air volume of
the 8 h samples).
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C.9 Fog derived N INP for SS=0.02%





















fog water derived INP
(SS = 0.02 %; estimated)
filter samples
Fig. C.9.: Fog water derived N INP in air. N INP was derived from Equation 3.2 and Equa-
tion 3.3 with the extrapolated NCCN(SS=0.02%) during the time of each fog
sample and an average droplet diameter (ddrop) of 17µm. The error bars show
the range with ddrop of 12µm and 22µm respectively.
Figure C.9 the fog water derived N INP for an estimated SS of 0.02% is shown. Here,
we derived the factor by which the average NCCN decreases from 0.3%SS to 0.2%SS.
We then use that factor to estimate the decrease in NCCN from 0.3%SS to 0.02%SS.
With that estimated NCCN at 0.02%SS we then again calculate the INP concentration
as described in section 3.3.1. A linear extrapolation to such low supersaturations has
large uncertainties, but gives an estimate for the lower boundary of the presented
N INP derivation.
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C.10 Box plots of N INP at selected temperatures for filter,
SML and BSW samples

















Fig. C.10.: Box plot of N INP at selected temperatures for the filter samples. The horizontal
line represents the median and the green triangle the mean. The whiskers have
the length of 1.5 * IQR and data points outside the range of the whiskers is
shown with diamond markers.
Figure C.10 shows a box plot of the filter derived N INP shown in Figure 3.9. The
horizontal line represents the median and the green triangle the mean. The whiskers
have the length of 1.5 * IQR and data points outside the range of the whiskers is
shown with diamond markers. It should be noted that for samples whose value was
outside the detectable range at the selected temperature, the value was substituted
in order to minimize the over- and underestimation of the summary statistics needed
to create the box plot. If at the selected temperature a sample had an N INP value
below the detectable range, the value was substituted as LLOD/2 (LLOD = lower
limit of detection). Analogous values above the detectable range were substituted
with ULOD*2 (ULOD = upper limit of detection). Box plots for the SML and BSW
samples were created in the same manner as described before (Figure C.11 and
C.12; same data as in Figure 3.11).
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Fig. C.11.: Box plot of N INP at selected temperatures for SML samples. The horizontal line
represents the median and the green triangle the mean. The whiskers have the
length of 1.5 * IQR and data points outside the range of the whiskers is shown
with diamond markers.




















Fig. C.12.: Box plot of N INP at selected temperatures for BSW samples. The horizontal line
represents the median and the green triangle the mean. The whiskers have the
length of 1.5 * IQR and data points outside the range of the whiskers is shown
with diamond markers.
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Various feedbacks and forcing mechanism contribute to the enhanced warming of
the Arctic (Cohen et al., 2020; Wendisch et al., 2017; Serreze and Barry, 2011).
One important factor therein are clouds and their phase state. It is known that
ice particles in clouds affect precipitation formation, cloud optical properties, and
cloud persistence (Loewe et al., 2017; Solomon et al., 2015; Storelvmo, 2017;
Vergara-Temprado et al., 2018). A subset of aerosol particles, the so-called ice
nucleating particles (INP), can initiate the primary ice formation in clouds by
lowering the energy barrier of the phase transition from liquid water to ice, and thus
catalyzing the nucleation process. In the Arctic, information on the concentration
of INP in general, but especially their long-term variation, as well as their origin,
is scarce (Schmale et al., 2021). The overall aim of this thesis is to improve our
understanding of these aforementioned aspects of Arctic INP. First, ice nucleating
particle concentrations (N INP) were measured in samples from two Arctic ice cores
(Hartmann et al., 2019). Atmospheric INP concentration were also estimated from
these results, yielding a time series of INP concentrations from 1480 CE to 1989 CE.
Second, INP freezing spectra were derived from aircraft collected filter samples
during wintertime northeast of Greenland, and indications towards their nature
and origin were found (Hartmann et al., 2020a). And finally, during a ship-based
campaign, samples from several environmental compartments (air, sea surface
microlayer (SML), bulk aeawater (BSW) and fog) were collected and analyzed
towards their freezing behavior (Hartmann et al., 2020b). Closure calculations
between the INP concentrations in the air and the seawater, as well as between
the air and fog were conducted. The samples were also investigated concerning
i
the nature and origin of the present INP. The key findings can be summarized as
follows:
• Concentrations of INP during the last five centuries (1480 CE to 1989 CE) are
similar to present-day observations in mid-latitudes. No clear long-term trend
of N INP could be identified. Also, no correlation with the increased anthro-
pogenic emissions since the industrial revolution was found, although the
signal was visible in soot measurements of the same ice core. However, it was
found that ice core samples that represent time periods of a few months show
a much higher variation than samples representing one or more years. This
indicates a high, probably seasonal, variability of INP sources and sinks. Shape
and onset temperature of the freezing spectra point towards the presence of
biological INP.
• 25% of the aircraft collected samples had N INP above background levels.
These samples with elevated N INP initiate freezing already at temperatures
as high as −7.5 ◦C. The common characteristic of these samples is that they
were collected during flights with low average flight altitudes and that the
investigation region contains numerous open leads and polynyas. Co-located
measurements indicate that during these flights, long-range transport and
contamination by aircraft exhaust is unlikely, while indications towards a
marine influence exist. The test for the heat-lability of the INP confirms that
the high ice activity is associated with biologic, proteinaceous INP. Therefore
it can be concluded that even during wintertime, a local marine source for
highly ice active biological INP exists.
• Ship-based INP measurements show that N INP at the beginning of the melt
season is generally lower than observations in mid-latitudes, but episodes
featuring high concentrations at warmer temperatures (>−15 ◦C) do exist.
At colder temperatures (<−25 ◦C) N INP is within a similar range as in mid-
latitudes. For the cold temperatures indications were found that the ice
active INP are mineral in nature, while biological INP contribute to the INP
population at warmer temperatures. For seawater samples, it was found that
samples from the SML are enriched in INP up to a factor of almost 100 in
comparison to BSW samples. Closure calculations between N INP in the air and
the seawater samples revealed that a substantial enrichment of the INP has
to take place during the transfer from the ocean surface to the atmosphere in
order to explain atmospheric N INP solely by a marine source. Nevertheless, a
case study revealed a local and probably marine INP source to be more likely
than long-range transport of terrestrial INP.
ii Summary of the dissertation
In conclusion, high N INP at warm temperatures are typically associated with bio-
logical INP from local sources in the Arctic. This holds true for the present day
measurements, and the first ever published measurements of INP in ice cores confirm
it for the last centuries. This is an important finding, since in a warming Arctic, the
biological activity is expected to increase in the marine and terrestrial environment
(Arrigo and Dijken, 2011; Arrigo et al., 2008). Indications towards marine INP
sources were found, while it also became apparent that without significant enrich-
ment of INP, the ocean cannot be the sole source of INP. Consequently, the present
thesis significantly contributes to closing knowledge gaps and raises new interesting
questions concerning our understanding of INP in the Arctic.
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